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PREFACE 
[TO THE FIRST EDITION] 


| Mike is a certain well-defined range in Electromagnetic Theory, which 
every student of physics may be expected to have covered, with more 
or less of thoroughness, before proceeding to the study of special branches 
of developments of the subject. The present book is intended to give the 
mathematical theory of this range of electromagnetism, together with the 
mathematical analysis required in its treatment. 


The range is very approximately that of Maxwell’s original Treatise, but 
the present book is in many respects more elementary than that of Maxwell. 
Maxwell’s Treatise was written for the fully-equipped mathematician: the 
present book is written more especially for the student, and for the physicist 
of limited mathematical attainments. 


The questions of mathematical analysis which are treated in the text have 
been inserted in the places where they are first needed for the development 
of the physical theory, in the belief that, in many cases, the mathematical and 
physical theories illuminate one another by being studied simultaneously. 
For example, brief sketches of the theories of spherical, zonal and ellipsoidal 
harmonics are given in the chapter on Special Problems in Electrostatics, 
interwoven with the study of harmonic potentials and electrical applications: 
Stokes’ Theorem is similarly given in connection with the magnetic vector- 
potential, and so on. One result of this arrangement is to destroy, at least in 
appearance, the balance of the amounts of space allotted to the different parts 
of the subject. For instance, more than half the book appears to be devoted 
to Electrostatics, but this space will, perhaps, not seem excessive when it is 
noticed how many of the pages in the Electrostatic part of the book are devoted 
to non-electrical subjects in applied mathematics (potential-theory, theory of 
stress, etc.), or in pure mathematics (Green’s Theorem, harmonic analysis, 
complex variable, Fourier’s series, conjugate functions, curvilinear coordinates, 
etc.). 


A number of examples, taken mainly from the usual Cambridge examina- 
tion papers, are inserted. These may provide problems for the mathematical 
student, but it is hoped that they may also form a sort of compendium of results 
for the physicist, shewing what types of problem admit of exact mathematical 
solution. 

It is again a pleasure to record my thanks to the officials of the University 
Press for their unfailing vigilance and help during the printing of the book. 
J. H. JEANS. 


PRINCETON, 
December, 1907. 


vi Preface 


[TO THE SECOND EDITION] 


The second Edition will be found to differ only very slightly from the first 
in all except the last few chapters. The chapter on Electromagnetic Theory 
of Light has, however, been largely rewritten and considerably amplified, and 
two new chapters appear in the present edition, on the Motion of Electrons 
and on the General Equations of the Electromagnetic Field. These last chapters 
attempt to give an introduction to the more recent developments of the subject. 
They do not aim at anything like completeness of treatment, even in the small 
parts of the subjects with which they deal, but it is hoped they will form a 
useful introduction to more complete and specialised works and monographs. 


J. H. JEANS. 


CAMBRIDGE, 
August, 1911. 


[TO THE THIRD EDITION] 


In preparing a third Edition I have made only a few changes in the latter 
chapters, which were necessary to bring the book up to date. 


J. H. JEANS. 
Lonpon, 
November, 1914, 


[TO THE FOURTH EDITION] 


It will be found that the main changes in the fourth Edition consist in a 
rearrangement of the later chapters and the addition of a wholly new chapter 
on the Theory of Relativity. It need hardly be said that no attempt is made 
to give a full account of the Theory; I have tried to present its broad outlines 
in the simplest possible way, and in striving after simplicity I have intentionally 
omitted all elaboration and detail. It is hoped that the new chapter will pro- 
vide a suitable introduction to the Theory of Relativity for the student who 
approaches the subject for the first time, equipped with such knowledge of 
general electrical theory as can be gained from the rest of the book. 


J. H. JEANS. 
Dorkine, 
December, 1919. 


Preface Vii 
[TO THE FIFTH EDITION] 


In preparing a Fifth Edition I have introduced the changes that seemed 
to be called for by the now established position of the new theories of relativity 
and quanta. I have not attempted any detailed account of the theory of 
quanta but have added ‘a chapter on “The Electrical Structure of Matter” 
which will introduce the reader to this theory. 


It is a pleasure to record my thanks to friends and correspondents who 
have helped me by making suggestions and pointing out errors and misprints 
in earlier editions. My thanks are especially due to Dr A. Russell, F.R.S,, 
Dr Harold Jeffreys, F.R.S., Professor E. P. Adams, Dr R. E. Baynes, Mr 


L. A. Pass and Dr H. L. Curtis. 
J. H. JEANS. 
Dorxine, 
March, 1925. 
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INTRODUCTION 


THE THREE DIVISIONS OF ELECTROMAGNETISM 

“1. Tue fact that a piece of amber, on being rubbed, attracted to itself 
other small bodies, was known to the Greeks, the discovery of this fact being 
attributed to Thales of Miletus (640-548 B.c.). A second fact, namely, that 
a certain mineral ore (lodestone) possessed the property of attracting iron, 
is mentioned by Lucretius. These two facts have formed the basis from 
which the modern science of Electromagnetism has grown. It has been 
found that the two phenomena are not isolated, but are insignificant units in 
a vast and intricate series of phenomena. To study, and as far as possible . 
interpret, these phenomena is the province of Electromagnetism. And the 
mathematical development of the subject must aim at bringing as large 
a number of the phenomena as possible within the power of exact mathe- 
matical treatment. 


f 


2. The first great branch of the science of Electromagnetism is known 
as Electrostatics. The second branch is commonly spoken of as Magnetism, 
but is more accurately described as Magnetostatics. We may say that 
Electrostatics has been developed from the single property of amber already 
mentioned, and that Magnetostatics has been developed from the single 
property of the lodestone. These two branches of Electromagnetism deal 
solely with states of rest, not with motion or changes of state, and are 
therefore concerned only with phenomena which can be described as statical. 
The developments of the two statical branches of Electromagnetism, namely 
Electrostatics and Magnetostatics, are entirely independent of one another. 
The science of Electrostatics could have been developed if the properties of 
the lodestone had never been discovered, and similarly the science of 
Magnetostatics could have been developed without any knowledge of the 
properties of amber. 


The third branch of Electromagnetism, namely, Electrodynamics, deals _ 
with the motion of electricity and magnetism, and it is in the development 
of this branch that we first find that the two groups of phenomena of 
electricity and magnetism are related to one another. The relation is 
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a reciprocal relation: it is found that magnets in motion produce the same 
effects as electricity at rest, while electricity in motion produces the same 
effects as magnets at rest. The third division of Electromagnetism, then, 
connects the two former divisions of Electrostatics and Magnetostatics, and 
is in a sense symmetrically placed with regard to them. Perhaps we may 
compare the whole structure of Electromagnetism to an arch made of three 
stones. The two side stones can be placed in position independently, neither 
in any way resting on the other, but the third cannot be placed in position 
until the two side stones are securely fixed. The third stone rests equally 
on the two other stones and forms a connection between them. 


3. In the present book these three divisions will be developed in the 
order in which they have been mentioned, namely Electrostatics, Magneto- 
statics, Electromagnetism. The earlier chapters will give an explanation of 
the physical ideas adopted by Maxwell in his Treatise on Electricity and 
Magnetism side by side with a purely mathematical theory. Maxwell’s treat- 
ment of Electrical Science was differentiated from that of other writers by 
his insistence on Faraday’s conception of electric and magnetic energy as 
residing in the medium. According to this view, the forces acting on electrified 
or magnetised bodies did not form the whole system of forces in action, but 
served only to reveal the presence of a vastly more intricate system of forces, 
which acted throughout the ether by which the material bodies were supposed 
to be surrounded. It was only through the presence of matter that the sup- 
posed system of forces became perceptible to human observation, so that it 
was necessary to try to reconstruct the whole system of forces from no data 
except those given by the resultant effect of the forces on matter, where 
matter was present. As might be expected, these data proved insufficient to 
give full and definite knowledge of the system of ethereal forces; it was found 
that a great number of systems of ethereal forces could be constructed, each 
of which would produce the same effects on matter as are observed. Of these — 
systems, however, a single one seemed so very much more probable than any 
of the others, that it was unhesitatingly adopted both by Maxwell and by 
Faraday. 


As soon as the step had been taken of attributing the mechanical forces - 
acting on matter to a system of forces acting throughout the whole ether, 
a further physical development was made not only possible but also necessary. 
A stress in the ether might be supposed to represent either an electric or a 
magnetic force, but could not be both. Faraday supposed a stress in the ether 
to be identical with electrostatic force. There was no longer any possibility, 
in this scheme of the universe, of regarding magnetostatic forces as evidence 
of simple stresses in the ether. 
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Tt has, however, been said that magnetostatic forces are found to be 
produced by the motion of electric charges. Now if electric charges at rest 
produce simple stresses in the ether, the motion of electric charges must 
obviously be accompanied by changes in the stresses in the ether. It accord- 
ingly became possible“to identify magnetostatic force with change in the 
system of stresses in the ether. This interpretation of magnetic force formed 
an essential part of Maxwell’s theory. Comparing the ether to an elastic 
material medium, we may say that the electric forces were interpreted as the 
statical pressures and strains which accompanied the compression, dilatation 
or displacement of the medium, while magnetic forces were interpreted as the 
pressures and strains in the medium caused by its motion and momentum. 
Thus electrostatic energy was regarded as the potential energy of the medium, 
while magnetic energy was regarded as its kinetic energy. Maxwell shewed 
that the whole series of known electrostatic and magnetostatic phenomena 
might be consistently interpreted as phenomena produced by the stresses 
and motion of a medium, this motion being in conformity with the laws of 
dynamics. This hypothesis is examined in the earlier chapters of the book, 
although, as will be seen later, recent developments call for at least a drastic 
modification, and more probably for the complete abandonment of the whole 
hypothesis. 


4. The observational fact that magnetostatic forces were produced by the 
motion of electric charges inevitably raised the question of the interpretation 
of general magnetic phenomena in electrical terms. A solution of the problem 
suggested by Ampére and Weber needs but little modification to represent 
the answer to which modern investigations have led. Recent experimental 
researches shew that all matter must be supposed to consist solely of electrically 
charged particles, and it seems highly probable that all magnetic phenomena 
can be explained by the motion of these charges. If the motion of the charges 
is governed by a regularity of a certain kind, the body as a whole will shew 
magnetic properties. If this regularity does not obtain, the magnetic forces 
produced by the motions of the individual charges will on the whole neutralise 
one another, and the body will appear to be non-magnetic. On this view the 
electricity and magnetism which at first sight appeared to exist independently 
in the universe, are resolved into electricity alone—electricity and magnetism 
become electricity at rest and electricity in motion. 


This discovery of the ultimate identity of electricity and magnetism is by 
no means the last word of the science of Electromagnetism, As far back as 
the time of Maxwell and Faraday, it was recognised that the forces at work 
in chemical phenomena must be regarded largely, if not entirely, as electrical 
forces. Later, Maxwell shewed light to be an electromagnetic phenomenon, 


so that the whole science of Optics became a branch of Electromagnetism. 
1—2 


4 Introduction 


Gradually the conviction grew that all physical forces, with the possible 
exception of Gravitation, would prove to be ultimately of Electromagnetic 
origin, so that by the end of the nineteenth century most scientists believed 
that the science of Electromagnetism would advance along the road opened 
out by Maxwell until the whole physical universe had been explained in the 
terms of electromagnetic theory. Recently this belief has experienced two 
very severe checks. 

If, as Maxwell believed, the ultimate seat of electromagnetic and optical 
phenomena is the ether, it ought to be possible to find out something about 
the ether by electromagnetic and optical means. It ought, for instance, at 
least to be possible to determine the velocity with which we move through the 
ether. A series of experiments devised to this end have one and all failed to 
disclose this velocity. To every experimental enquiry, Nature seems to give 
the answer either that there is no ether or that natural phenomena go on 
exactly as if there were no ether. If this view is finally established, and at 
present there seems only a very meagre chance of any alternative, Maxwell’s 
theory of the electromagnetic ether must necessarily fall out of science; it will 
have served its purpose as a scaffolding which will have enabled the structure 
of electromagnetic theory to have been built in perfect form, but it will not 
be part of that structure. Nevertheless the time for finally deciding how 
much of Maxwell’s theory is scaffolding and how much is part of the essential 
structure has hardly yet come, so that in the present book we shall first 
develop the theory along the general lines initiated by Maxwell, and then 
shall devote a chapter to the development of a more modern theory and to a 
discussion of how far the existence of an ether is essential to electromagnetic 
theory. 

The second check to Maxwell’s theory has originated from the study of 
radiation and the ultimate electrical structure of matter; phenomena of 
primary importance have been found not to be reconcileable with Maxwell’s 
original theory. In a sense the new facts hardly cut at the roots of the theory; 
they must rather be thought of as restricting the spread of the branches. 
There is no question that the electrical phenomena of everyday life, thunder- 
storms, telephones and dynamos, are all governed by Maxwell’s laws; it is 
only when we pass to the phenomena arising from the most intimate electrical _ 
structure of matter that Maxwell’s laws appear to be inadequate. Our final 
chapter will contain an explanation of the failure of Maxwell’s Electrodynamics 
to deal with these problems, and a very brief introduction to the new theory 
which has taken its place. 


CHAPTER I 
PHYSICAL PRINCIPLES 


THE FUNDAMENTAL CONCEPTIONS OF ELECTROSTATICS 


I. State of Electrification of a Body. 


5. WE proceed to a discussion of the fundamental conceptions which 
form the basis of Electrostatics. The first of these is that of a state of 
electrification of a body. When a piece of amber has been rubbed so that it 
attracts small bodies to itself, we say that it is in a state of electrification— 
or, more shortly, that it is electrified. 


Other bodies besides amber possess the power of attracting small bodies 
after being rubbed, and are therefore susceptible of electrification. Indeed 
it is found that all bodies possess this property, although it is less easily 
recognised in the case of most bodies, than in the case of amber. For 
instance a brass rod with a glass handle, if rubbed on a piece of silk or cloth, 
will shew the power to a marked degree. The electrification here resides in 
the brass; as will be explained immediately, the interposition of glass or 

'some similar substance between the brass and the hand is necessary in order 
*that the brass may retain its power for a sufficient time to enable us to 
observe it. If we hold the instrument by the brass rod and rub the glass 
handle we find that the same power is acquired by the glass. 


Il. Conductors and Insulators. 


6. Let us now suppose that we hold the electrified brass rod in one hand 
by its glass handle, and that we touch it with the other hand. We find that 
after touching it its power of attracting small bodies will have completely 
disappeared. If we immerse it in a stream of water or pass it through a 
flame we find the same result. If on the other hand we touch it with 
a piece of silk or a rod of glass, or stand it in a current of air, we find 
that its power of attracting small bodies remains unimpaired, at any rate 
for a time. It appears therefore that the human body, a flame or water 
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have the power of destroying the electrification of the brass rod when placed 
in contact with it, while silk and glass and air do not possess this property. 
It is for this reason that in handling the electrified brass rod, the substance 
in direct contact with the brass has been supposed to be glass and not the 
hand. 


In this way we arrive at the idea of dividing all substances into two 
classes according as they do or do not remove the electrification when touch- 
ing the electrified body. The class which remove the electrification are 
called conductors, for as we shall see later, they conduct the electrification 
away from the electrified body rather than destroy it altogether; the class 
which allow the electrified body to retain its electrification are called non- 
conductors or insulators. The classification of bodies into conductors and 
insulators appears to have been first discovered by Stephen Gray (1696- 
1736). 


At the same time it must be explained that the difference between 
insulators and conductors is one of degree only. If our electrified brass rod 


-were left standing for a week in contact only with the air surrounding it and 


the glass of its handle, we should find it hard to detect traces of electrifica- 

tion after this time—the electrification would have been conducted away by 

the air and the glass. So also if we had been able to immerse the rod in a 

flame for a billionth of a second only, we might have found that it retained 

considerable traces of electrification. It is therefore more logical to speak of 
good conductors and bad conductors than to speak of conductors and insula- 

tors. Nevertheless the difference between a good and a bad conductor is so 

enormous, that for our present purpose we need hardly take into account the 

feeble conducting power of a bad conductor, and may without serious incon- 

sistency, speak of a bad conductor as an insulator. There is, of course, nothing 
to prevent us imagining an ideal substance which has no conducting power 
at all. It will often simplify the argument to imagine such a substance,¢ 
although we cannot realise it in nature. 


It may be mentioned here that of all substances the metals are by very 
much the best conductors, Next come solutions of salts and acids, and lastly 
as very bad conductors (and therefore as good insulators) come oils, waxes, 
silk, glass and such substances as sealing wax, shellac, indiarubber. Gases 
under ordinary conditions are good insulators. Indeed it is worth noticing 
that if this had not been so, we should probably never have become acquainted 
with electric phenomena at all, for all electricity would be carried away by 
conduction through the air as soon as it was generated. Flames, however, 
conduct well, and, for reasons which will be explained later, all gases become 
good conductors when in the presence of radium or of so-called radio-active 
substances. Distilled water is an almost perfect insulator, but any other 
sample of water will contain impurities which generally cause it to conduct 
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tolerably well, and hence a wet body is generally a bad insulator.. So also an 
electrified body suspended in air loses its electrification much more rapidly in 
damp weather than in dry, owing to conduction by water-particles in the air. 


When the body is in contact with insulators only, it is said to be 
“insulated.” The insulation is said to be good when the electrified body 
retains its electrification for a long interval of time, and is said’ to be poor 
when the electrification disappears rapidly. Good insulation will enable a 
body to retain most of its electrification for some days, while with poor insula- 
tion the electrification will last only for a few minutes or seconds, 


Ill. Quantity of Electricity. 


7. We pass next to the conception of a definite quantity of electricity, 
this quantity measuring the degree of electrificationsof the body with which 
it is associated. It is found that the quantity of electricity associated with 
any body remains constant except in so far as it is conducted away by con- 
ductors. To illustrate, and to some extent to prove this law, we may use 
an instrument known as the gold-leaf electroscope. This consists of a glass 
vessel, through the top of which a metal rod is passed, supporting at its lower 
end two gold-leaves which under normal conditions hang flat side by side, 
touching one another throughout their length. When an electrified body 
touches or is brought near to the brass rod, the two gold-leaves are seen to 
separate, for reasons which will become clear later (§ 21), so that the instru- 

-ment can be used to examine whether or not a body is electrified. ' 


Let us fix a metal vessel on the top of the brass rod, the vessel being 
closed but having a lid through which bodies can be in- 
serted. The lid must be supplied with an insulating ~ 
handle for its manipulation. Suppose that we have 
electrified some piece of matter—to make the picture 
definite, suppose that we have electrified a small brass 
rod by rubbing it on silk—and let us suspend this body 
inside the vessel by an insulating thread in such a 
manner that it does not touch the sides of the vessel. 
Let us close the lid of the vessel, so that the vessel 
entirely surrounds the electrified body, and note the 
amount of separation of the gold-leaves of the electro- 
scope. Let us try the experiment any number of times, 
placing the electrified body in different positions inside 
the closed vessel, taking care only that it does not come 
into contact with the sides of the vessel or with any 
other conductors. We shall find that in every case the separation of the 
gold-leaves is exactly the same. 
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In this way then, we get the idea of a definite quantity of electrification 
associated with the brass rod, this quantity being independent of the position 
of the rod inside the closed vessel of the electroscope. We find, further, that 
the divergence of the gold-leaves is not only independent of the position of 
the rod inside the vessel, but is independent of any changes of state which 
the rod may have experienced between successive insertions in the vessel, 
provided only that it has not been touched by conducting bodies. We 
might for instance heat the rod, or, if it was sufficiently thin, we might 
bend it into a different shape, and on replacing it inside the vessel we 
should find that it produced exactly the same deviation of the gold-leaves 
as before. We may, then, regard the electrical properties of the rod as being 
due to a quantity of electricity associated with the rod, this quantity remaining 
permanently the same, except in so far as the original charge is lessened by 
contact with conductors, or increased by a fresh supply. 


8. We can regard the electroscope as giving an indication of the magni- 
tude of a quantity of electricity, two charges being equal when they produce 
the same divergence of the leaves of the electroscope. 

In the same way we can regard a spring-balance as giving an indication 
of the magnitude of a weight, two weights being equal when they produce 
the same extension of the spring. 


The question of the actual quantitative measurement of a quantity of 
electricity as a multiple of a specified unit has not yet been touched. We 
can, however, easily devise means for the exact quantitative measurement 
of electricity in terms of a unit. We can charge a brass rod to any degree 
we please, and agree that the charge on this rod is to be taken to be the 
standard unit charge. By rubbing a number of rods until each produces 
exactly the same divergence of the electroscope as the standard charge, we 
can prepare a number of unit charges, and we can now say that a charge is 
equal to m units, if it produces the same deviation of the electroscope as 
would be produced by n units all inserted in the vessel of the electroscope 
at once. This method of measuring an electric charge is of course not one 
that any rational being would apply in practice, but the object of the 
present explanation is to elucidate the fundamental principles, and not to 
give an account of practical methods. 


9. Positive and Negative Electricity. Let us suppose that we insert in 
the vessel of the electroscope the piece of silk on which one of the brass 
rods has been supposed to have been rubbed in order to produce its unit 
charge. We shall find that the silk produces a divergence of the leaves of 
the electroscope, and further that this divergence is exactly equal to that 
which is produced by inserting the brass rod alone into the vessel of the 
electroscope. If, however, we insert the brass rod and the silk together into 
the electroscope, no deviation of the leaves can be detected. 
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Again, let us suppose that we charge a brass rod A with a charge which 
the divergence of the leaves shews to be nm units. Let us rub a second brass 
rod B with a piece of silk C until it has a charge, as indicated by the electro- 
scope, of m units, m being smaller than n. If we insert the two brass rods 
together, the electroscope will, as already explained, give a divergence corre- 
sponding to n+m units. If, however, we insert the rod A and,the silk C 
together, the deviation will be found to correspond to n — m units. 


In this way it is found that a charge of electricity must be supposed to — 
have sign as well as magnitude. As a matter of convention, we agree to 
speak of the m units of charge on the silk as m positive units, or more briefly 
as a charge +m, while we speak of the charge on the brass as m negative 
units, or a charge — m. 


10. Generation of Electricity. It is found to be a general law that, on 
rubbing two bodies which are initially uncharged, equal quantities of positive 
and negative electricity are produced on the two bodies, so that the total 
charge generated, measured algebraically, is nil. 


We have seen that the electroscope does not determine the sign of the 
charge placed inside the closed vessel, but only its magnitude. We can, 
however, determine both the sign and magnitude by two observations. Let 
us first insert the charged body alone into the vessel. Then if the divergence 
of the leaves corresponds to m units, we know that the charge is either + m 
or —m, and if we now insert the body in company with another charged body, 
of which the charge is known to be +7, then the charge we are attempting 
to measure will be +m or —m according as the divergence of the leaves 
indicates n+m or »~m units. With more elaborate instruments to be 
described later (electrometers) it is possible to determine both the magnitude 
and sign of a charge by one observation. 


11. If we had rubbed a rod of glass, instead of one of brass, on the silk, 
we should have found that the silk had a negative charge, and the glass of 
course an equal positive charge. It therefore appears that the sign of the 
charge produced on a body by friction depends not only on the nature of the 
body itself, but also on the nature of the body with which it has been 
rubbed. 


’ The following is found to be a general law: If rubbing a substance A on 
a second substance B charges A positively and B negatively, and if rubbing 
the substance B on a third substance C charges B positively and C' negatively, 
then rubbing the substance A on the substance C will charge A positively 
and C negatively. 


It is therefore possible to arrange any number of substances in a list such 
that a substance is charged with positive or negative electricity when rubbed 
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with a second substance, according as the first substance stands above or 
below the second substance on the list. The following is a list of this kind, 
which includes some of the most important substances: 


Cat's skin, Glass, Ivory, Silk, Rock crystal, The Hand, Wood, Sulphur, 
Flannel, Cotton, Shellac, Caoutchouc, Resins, Guttapercha, Metals, Guncotton. 


A substance is said to be electropositive or electronegative to a second 
substance according as it stands above or below it on a list of this kind. 
Thus of any pair of substances one is always electropositive to the other, the 
other being electronegative to the first. Two substances, although chemically 
the same, must be regarded as distinct for the purposes of a list such as the 
above, if their physical conditions are different; for instance, it is found that 
a hot body must be placed lower on the list than a cold body of the same 
chemical composition. 


IV. Attraction and Repulsion of Electric Charges. 


12. A small ball of pith, or some similarly light substance, coated with 
gold-leaf and suspended by an insulating thread, forms a convenient instru- 
ment for investigating the forces, if any, which are brought into play by the 
presence of electric charges. Let us electrify a pith ball of this kind positively 
and suspend it from a fixed point. We shall find that when we bring a 
second small body charged with positive electricity near to this first body 
the two bodies tend to repel one another, whereas if we bring a negatively 
charged body near to it, the two bodies tend to attract one another. From 
this and similar experiments it is found that two small bodies charged with 
electricity of the same sign repel one another, and that two small bodies 
charged with electricity of different signs attract one another. 


This law can be well illustrated by tying together a few light silk threads 
by their ends, so that they form a tassel, and allowing the threads to hang 
vertically. If we now stroke the threads with the hand, or brush them with 
a brush of any kind, the threads all become positively electrified, and there- 
fore repel one another. They consequently no longer hang vertically but 
spread themselves out into a cone. A similar phenomenon can often be 
noticed on brushing the hair in dry weather. The hairs become positively 
electrified and so tend to stand out from the head. 


13. On shaking up a mixture of powdered red lead and yellow sulphur, 
the particles of red lead will become positively electrified, and those of the 
sulphur will become negatively electrified, as the result of the friction which 
has occurred between the two sets of particles in the shaking. If some of 
this powder is now dusted on to a positively electrified body, the particles of 
sulphur will be attracted and those of red lead repelled. The red lead will 
therefore fall off, or be easily removed by a breath of air, while the sulphur 
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particles will be retained. The positively electrified body will therefore 
assume a yellow colour on being dusted with the powder, and similarly a 
negatively electrified body would become red. It may sometimes be con- 
venient to use this method of determining whether the electrification of a 
body is positive or negative. 


14, The attraction and repulsion of two charged bodies is in many 
respects different from the force between one charged and one uncharged 
body. The latter force, as we have explained, was known to the Greeks: it 
_ must be attributed, as we shall see, to what is known as “electric induction,” 
and is invariably attractive. The forces between two bodies both of which 
are charged, forces which may be either attractive or repulsive, seem hardly 
to have been noticed until the eighteenth century. 


The observations of Robert Symmer (1759) on the attractions and 
repulsions of charged bodies are at least amusing. He was in the habit 
of wearing two pairs of stockings simultaneously, a worsted pair for comfort 
and a silk pair for appearance. In pulling off his stockings he noticed that 
they gave a crackling noise, and sometimes that they even emitted sparks 
when taken off in the dark. On taking the two stockings off together from 
the foot and then drawing the one from inside the other, he found that both 
became inflated so as to reproduce the shape of the foot, and exhibited 
attractions and repulsions at a distance of as much as a foot and a half. 


“When this experiment is performed with two black stockings in one 
hand, and two white in the other, it exhibits a very curious spectacle; the 
repulsion of those of the same colour, and the attraction of those of different 
colours, throws them into an agitation that is not unentertaining, and 
makes them catch each at that of its opposite colour, and at a greater 
distance than one would expect. When allowed to come together they all 
unite in one mass. When separated, they resume their former appearance, 
and admit of the repetition of the experiment as often as you please, till 
their electricity, gradually wasting, stands in need of being recruited.” 


The Law of Force between charged Particles. 


15. The Torsion Balance. Coulomb (1785) devised an instrument known 
as the Torsion Balance, which enabled him not only to verify the laws of 
attraction and repulsion qualitatively, but also to form an estimate of the 
actual magnitude of these forces. 


The apparatus consists essentially of two light balls 4, C, fixed at the two 
ends of a rod which is suspended at its middle point B by a very fine thread 
of silver, quartz or other material. The upper end of the thread is fastened 
to a movable head D, so that the thread and the rod can be made to 
rotate by screwing the head. If the rod is acted on only by its weight, the 
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condition for equilibrium is obviously that there shall be no torsion in 
the thread. If, however, we fix a third small ball # in the same plane as 
the other two, and if the three balls are elec- 
trified, the forces between the fixed ball and 
the movable ones will exert a couple on the 
moving rod, and the condition for equilibrium 
is that this couple shall exactly balance that 
due to the torsion. Coulomb found that the 
couple exerted by the torsion of the thread 
was exactly proportional to the angle through 
which one end of the thread had been turned 
relatively to the other, and in this way was 
enabled to measure his electric forces. In 
Coulomb’s experiments one only of the two 
movable balls was electrified, the second serv- 
ing merely as a counterpoise, and the fixed 
ball was at the same distance from the torsion 
thread as the two movable balls. 


Suppose that the head of the thread is 
turned to such a position that the balls when uncharged rest in equilibrium, 
just touching one another without pressure. Let the balls receive charges 
e, e’, and let the repulsion between them result in the bar turning through 
an angle 6. The couple exerted on the bar by the torsion of the thread 
is proportional to 8, and may therefore be taken to be «@. If a@ is the 
radius of the circle described by the movable ball, we may regard the couple 
acting on the rod from the electric forces as made up of a force F, equal 
to the force of repulsion between the two balls, multiplied by a cos 36, 
the arm of the moment. The condition for equilibrium is accordingly 


aF cos 46 = x6. 


Let us now suppose that the torsion head is turned through an angle 
in such a direction as to make the two charged balls approach each other; 
after the turning has ceased, let us suppose that the balls are allowed to 
come to cest. In the new position of equilibrium, let us suppose that the 
two charged balls subtend an angle 6’ at the centre, instead of the former 
angle @. The couple exerted by the torsion thread is now «(6+ 4), so that 
if F’ is the new force of repulsion we must have 


. aF’ cos 40’ = x (0 + ¢). 

By observing the value of ¢ required to give definite values to 6’ we can 
caleulate values of F’ corresponding to any series of values of 6’. From a 
series of experiments of this kind it is found that so long as the charges on 
the two balls remain the same, F’ is proportional to cosec? 46’, from which 
it is easily seen to follow that the force of repulsion varies inversely as the 


Fie. 2. 
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square of the distance. And when the charges on the two balls are varied 
it is found that the force varies as the product of the two charges, so long as 
their distance apart remains the same. As the result of a series of experi- 
ments conducted in this way Coulomb was able to enunciate the law: 


The force between two small charged bodies is proportional to the product 
of their charges, and is inversely proportional to the square of their distance 
apart, the force being one of repulsion or attraction according as the two 
charges are of the same or of opposite kinds. 


16. In mathematical language we may say that there is a force of repul- 
sion of amount 
: cee 


where e, e’ are the charges, r their distance apart, and c¢ is a positive 
constant. 


If e, e are of opposite signs the product ee’ is negative, and a negative 
repulsion must be interpreted as an attraction. 


Although this law was first published by Coulomb, it subsequently 
appeared that it had been discovered at an earlier date by Cavendish, 
whose experiments were much more refined than those of Coulomb. Caven- 
dish was able to satisfy himself that the law was certainly intermediate 
between the inverse 2+, and 2—,,th power of the distance (see below, 
§§ 46—48). Unfortunately his researches remained unknown urtil his 
manuscripts were published in 1879 by Clerk Maxwell. 


The experiments of Coulomb and Cavendish, it need hardly be said, 
were very rough compared with those which are rendered possible by modern 
refinements of theory and practice, so that these experiments are no longer 
the justification for using the law expressed by formula (1) as the basis of 
the Mathematical Theory of Electricity. More delicate experiments with the 
apparatus used by Cavendish, which will be explained later, have, however, 
been found to give a complete confirmation of Coulomb’s Law, so long as 
the charged bodies may both be regarded as infinitely small compared with 
their distance apart. Any deviation from the law of Coulomb must accord- 
ingly be attributed to the finite sizes of the bodies which carry the charges. 
As it is only in the case of infinitely small bodies that the symbol r of 
formula (1) has had any meaning assigned to it, we may regard the law (1) 
as absolutely true, at any rate so long as r is large enough to be a measurable 
quantity. 
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The Unit of* Electricity. 


17. The law of Coulomb supplies us with a convenient unit in which 
to measure electric charges. 


The unit of mass, the pound or gramme, is a purely arbitrary unit, and 
all quantities of mass are measured simply by comparison with this unit. 
The same is true of the unit of space. If it were possible to keep a charge 
of electricity unimpaired through all time we might take an arbitrary charge 
of electricity as standard, and measure all charges by comparison with this 
one standard charge, in the way suggested in § 8. As it is not possible to do 
this, we find it convenient to measure electricity with reference to the units 
of mass, length and time of which we are already in possession, and Coulomb’s 
Law enables us to do this. We define as the unit charge a charge such that 
when two unit charges are placed one on each of two small particles at 
a distance of a centimetre apart, the force of repulsion between the particles 
is one dyne. With this definition it is clear that the quantity c in the 
formula (1) becomes equal to unity, so long as the ©.G.s. system of units 
is used, 


In a similar way, if the mass of a body did not remain constant, we might 
have to define the unit of mass with reference to those of time and length 
by saying that a mass is a unit mass provided that two such masses, placed 
at a unit distance apart, produce in each other by their mutual gravitational 
attraction an acceleration of a centimetre per second per second. In this 
case we should have the gravitational acceleration / given by an equation 
of the form 


ie = 
and this equation would determine the unit of mass. 
18. Physical dimensions. If the unit of mass were determined by 


equation (2), m would appear to have the dimensions of an acceleration 
multiplied by the square of a distance, and therefore dimensions 


UB ies 
As a matter of fact, however, we know that mass is something entirely apart 


from length and time, except in so far as it is connected with: them through 
the law of gravitation. The complete gravitational acceleration is given by 


m 
ag: 
where ¥ is the so-called “ gravitation constant.” 


By our proposed definition of unit mass we should have made the value 
of numerically equal to unity; but its physical dimensions are not those of 
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a mere number, so that we cannot neglect the factor ¥ when equating 
physical dimensions on the two sides of the equation, 


So also in the formula 


ws Fe Acarteal atin lean i ie (3) 


we can and do choose our unit of charge in such a way that the ‘nwmerical 
value of ¢ is unity, so that the numerical equation becomes 


but we must remember that the factor c still retains its physical dimensions. 
Electricity is something entirely apart from mass, length and time, and it 
follows that we ought to treat the dimensions of equation (3), by introducing 
a new unit of electricity # and saying that c is of the dimensions of a force 
divided by £?/r* and therefore of dimensions 


DN RY Nomi ba 


If, however, we compare dimensions in equation (4), neglecting to take 
account of the physical dimensions of the suppressed factor c, it appears as 
though a charge of electricity can be expressed in terms of the units of 
mass, length and time, just as it might appear from equation (2) as though 
a mass could be expressed in terms of the units of length and time. The 
apparent dimensions of a charge of electricity are now 


MALAI 3f MENS Te nea (5). 


Tt will be readily understood that these dimensions are merely apparent 
and not in any way real, when it is stated that other systems of units are 
also in use, and that the apparent physical dimensions of a charge of 
electricity are found to be different in the different systems of units. The 
system which we have just described, in which the unit is defined as 
the charge which makes c numerically equal to unity in equation (8), is 
known as the Electrostatic system of units. 


There will be different electrostatic systems of units corresponding to 
different units of length, mass and time. In the cas. system these units 
are taken to be the centimetre, gramme and second. In passing from one 
system of units to another the unit of electricity will change as if it were 
a physical quantity having dimensions M 223T—, so long as we hold to the 
agreement that equation (4) is to be numerically true, 2¢. so long as the 
units remain electrostatic. This gives a certain importance to the apparent 
dimensions of the unit of electricity, as expressed in formula (5). 
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V. Electrification by Induction. 


19. Let us suspend a metal rod by insulating supports. Suppose that 
the rod is originally uncharged, and that we bring a small body charged 
with electricity near to one end of the rod, without allowing the two bodies 
to touch. We shall find on sprinkling the rod with electrified powder of the 
kind previously described (§ 13), that the rod is now electrified, the signs of 
the charges at the two ends being different. This electrification is known as 
electrification by induction, We speak of the electricity on the rod as an 
induced charge, and that on the originally electrified body as the inducing or 
exciting charge. We find that the induced charge at the end of the rod 
nearest to the inducing charge is of sign opposite to that of the inducing 
charge, that at the further end of the rod being of the same sign as the 
inducing charge. If the inducing charge is removed to a great distance 
from the rod, we find that the induced charges disappear pear ig the rod 
resuming its original unelectrified state. 


If the rod is arranged so that it can be divided into two parts, we can 
separate the two parts before removing the inducing charge, and in this way 
can retain the two parts of the induced charge for further examination. 


If we insert the two induced charges into the vessel of the electroscope, 
we find that. the total electrification is mil: in generating electricity by 
induction, as in generating it by friction, we can only generate equal 
quantities of positive and negative electricity; we cannot alter the algebraic 
total charge. Thus the generation of electricity by induction is in no way 
a violation of the law that the total charge on a body remains unaltered 
except in so far as it is removed by conduction. 


20. Ifthe inducing charge is placed on a sufficiently light conductor, we 
notice a violent attraction between it and the rod which carries the induced 
charge. This, however, as we shall now shew, is only in accordance with 
Coulomb’s Law. Let us, for the sake of argument, suppose that the 
inducing charge is a positive charge e. Let us divide up that part of the 


Cc» ABC C’B’A’ 


MiGs So. 


rod which is negatively charged into small parts 4B, BC,..., beginning from 
the end A which is nearest to the inducing charge J, in such a way that each 
part contains the same small charge —e, of negative electricity. Let us 
similarly divide up the part of the rod which is positively charged into 
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sections A’B’, B’C’,..., beginning from the further end, and such that each of 
these parts contains a charge +e of positive electricity. Since the total 
induced charge is zero, the number of positively charged sections A’B’, 
B’C", ... must be exactly equal to the number of negatively charged sections 
AB, BC,.... The whole-series of sections can therefore be divided into a 
series of pairs 
AB and A’B’; BC and B’C’; ete. 

such that the two sections of any pair contain equal and opposite charges. 
The charge on A’B’ being of the same sign as the inducing charge e, repels 
the body J which carries this charge, while the charge on AB, being of the 
same sign as the charge on J, attracts J. Since AB is nearer to I than A’B’, 
it follows from Coulomb’s Law that the attractive force ee/r? between AB 
and J is numerically greater than the repulsive force e¢/r? between A’B’ and 
J, so that the resultant action of the pair of sections AB, A’B’ upon J is an 
attraction. Obviously a similar result.is true for every other pair of sections, 
so that we arrive at the result that the whole force between the two bodies 
_ is attractive. 


This result fully accounts for the fundamental property of a charged body 
to attract small bodies to which no charge has been given. The proximity of 
the charged body induces charges of different signs on those parts of the body 
which are nearer to, and further away from, the inducing charge, and although 
the total induced charge is zero, yet the attractions will always outweigh the 
repulsions, so that the resultant force is always one of attraction. 


21. The same conceptions explain the divergence of the gold-leaves of 
the electroscope which occurs when a charged body is brought near to the 
plate of the electroscope or introduced into a closed vessel standing on this 
plate. All the conducting parts of the electroscope—gold-leaves, rod, plate 
and vessel if any—may be regarded as a single conductor, and of this the 
gold-leaves form the part furthest removed from the charged body. The 
leaves accordingly become charged by induction with electricity of the same 
sign as that of the charged body, and as the charges on the two gold-leaves 
are of similar sign, they repel one another. 


22. On separating the two parts of a conductor while an induced charge 
is on it, and then removing both from the influence of the induced charge, 
we gain two charges of electricity without any diminution of the inducing 
charge. We can store or utilise these charges in any way and on replacing 
the two parts of the conductor in position, we shall again obtain an induced 
charge. This again may be utilised or stored, and so on indefinitely. There 
is therefore no limit to the magnitude of the charges which can be obtained 
from a, small initial charge by repeating the process of induction. 

This principle underlies the action of the Electrophorus. A cake of resin 


is electrified by friction, and for convenience is placed with its electrified 
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surface uppermost on a horizontal table. A metal dise is held by an insulating 
handle parallel to the cake of resin and at a slight distance above it. The 
operator then touches the upper surface of the disc with his finger. When 
the process has reached this stage, the metal disc, the body of the operator 
and the earth itself form one conductor. The negative electricity on the resin 
induces a positive charge on the nearer parts of this conductor—primarily 
on the metal disc—and a negative charge on the more remote parts of the 
conductor—the further region of the earth. When the operator removes 
his finger, the disc is left insulated and in possession of a positive charge. 
As already explained, this charge may be used and the process repeated 
indefinitely. 

In all its essentials, the principle utilised in the generation of electricity 
by the “influence machines” of Voss, Holtz, Wimshurst and others is identical 
with that of the electrophorus. The machines are arranged so that by the 
turning of a handle, the various stages of the process are repeated cyclically 
time after time. 


23. Electric Equilibrium. Returning to the apparatus illustrated in 
fig. 3, p. 16, it is found that if we remove the inducing charge without 
allowing the conducting rod to come into contact with other conductors, 
the charge on the rod disappears gradually as the inducing charge recedes, 
positive and negative electricity combining in equal quantities and neutral- 
ising one another. This shews that the inducing charge must be supposed 
to act upon the electricity of the induced charge, rather than upon the 
matter of the conductor. Upon the same principle, the various parts of the 
induced charge must be supposed to act directly upon one another. Moreover, 
in a conductor charged with electricity at rest, there is no reaction between — 
matter and electricity tending to prevent the passage of electricity through 
the conductor. For if there were, it would be possible for parts of the induced 
charge to be retained, after the inducing charge had been removed, the parts 
of the induced charge being retained in position by their reaction with the 
matter of the conductor. Nothing of this kind is observed to occur. We 
conclude then that the elements of electrical charge on a conductor are each 
in equilibrium under the influence solely of the forces exerted by the remaining 
elements of charge. 


24. An exception occurs when the electricity is actually at the surface 
of the conductor. Here there is an obvious reaction between matter and © 
electricity—the reaction which prevents the electricity from leaving the 
surface of the conductor. Clearly this reaction will be normal to the surface, 
so that the forces acting upon the electricity in directions which lie in the 
tangent plane to the surface must be entirely forces from other charges of 
electricity, and these must be in equilibrium. To balance the action of the 
matter on the electricity there must be an equal and opposite reaction of 
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electricity on matter. This, then, will act normally outwards at the surface of 
the conductor. Experimentally it is best put in evidence by the electrification 
of soap-bubbles. A soap-bubble when electrified is observed to expand, the , 
normal reaction between electricity and matter at its surface driving the 
surface outwards until-equilibrium is reestablished (see below, § 94). 


25. Also when two conductors of different material are placed in con- 
tact, electric phenomena are found to occur which have been explained by 
Helmholtz as the result of the operation of reactions between electricity and 
matter at the surfaces of the conductors. Thus, although electricity can pass 
quite freely over the different parts of the same conductor, it is not strictly 
true to say that electricity can pass freely from one conductor to another of 
different material with which it is in contact. Compared, however, with the 
forces with which we shall in general be dealing in electrostatics, it will be 
legitimate to disregard entirely any forces of the kind just described. We 
shall therefore neglect the difference between the materials of different con- 
ductors, so that any number of conductors placed in contact may be regarded 
as a single conductor. 


THEORIES TO EXPLAIN ELECTRICAL PHENOMENA. 


26. One-fluid Theory. Franklin, as far back as 1751, tried to include 
all the electrical phenomena with which he was acquainted in one simple 
explanation. He suggested that all these phenomena could be explained by 
supposing the existence of an indestructible “electric fluid,” which could be 
associated with matter in different degrees. Corresponding to the normal 
state of matter, in which no electrical properties are exhibited, there is 
a, definite normal amount of “electric fluid.” When a body was charged 
with positive electricity, Franklin explained that there was an excess of 
“electric fluid” above the normal amount, and similarly a charge of negative 
electricity represented a deficiency of electric fluid. The generation of equal 
quantities of positive and negative electricity was now explained: for instance, 
in rubbing two bodies together we simply transfer “electric fluid” from one 
to the other. To explain the attractions and repulsions of electrified bodies, 
Franklin supposed that the particles of ordinary matter repelled one another, 
while attracting the “electric fluid.” In the normal state of matter the 
quantities of “electric fluid” and ordinary matter were just balanced, so that 
there was neither attraction nor repulsion between bodies in the normal state. 
According toa later modification of the theory the attractions just out-balanced 
the repulsions in the normal state, the residual force accounting for gravitation. 


27. Two-fluid Theory. A further attempt to explain electric phenomena 
was made by the two-tluid theory. In this there were three things concerned, 
ordinary matter and two electric fluids—positive and negative. The degree 
of electrification was supposed to be the measure of the excess of positive 
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electricity over negative, or of negative over positive, according to the sign 
of the electrification. The two kinds of electricity attracted and repelled, 
electricities of the same kind repelling, and of opposite kinds attracting, and 
in this way the observed attractions and repulsions of electrified bodies were 
explained without having recourse to systems of forces between electricity 
and ordinary matter. It is, however, obvious that the two-fluid theory was 
too elaborate for the facts. On this theory ordinary matter devoid of both 
kinds of electricity would be physically different from matter possessing 
equal quantities of the two kinds of electricity, although both bodies would 
equally shew an absence of electrification, There is no evidence that it is 
possible to establish any physical difference of this kind between totally 
unelectrified bodies, so that the two-fluid theory must be dismissed as 
explaining more than there is to be explained. 


28. Modern view of Electricity. The two theories which have just been 
mentioned rested on no experimental evidence except such as is required 
to establish the phenomena with which they are directly concerned. The 
modern view of electricity, on the other hand, is based on an enormous mass 
of experimental evidence, to which contributions are made, not only by the 
phenomena of electrostatics, but also by the phenomena of almost every 
branch of physics and chemistry. The modern explanation of electricity is 
found to bear a very close resemblance to the older explanation of the one- 
fluid theory—so much so that it will be convenient to explain the modern 
view of electricity simply by making the appropriate modifications of the 
one-fluid theory. 


We suppose the “electric-fluid” of the one-fluid theory replaced by a 
crowd of small particles—“ electrons,” it will be convenient to call them—all 
exactly similar, and each having exactly the same charge of negative electricity 
permanently attached to it. According to the best recent determinations, the 
amount of this charge is 4774 x 10-” electrostatic units, while the mass of 
each electron is 9:00 x 10-8 grammes. These determinations, which are due 
to Millikan and Bucherer, are probably accurate to about one part in a thou- 
sand. ‘To a lower degree of accuracy the radius of the electron is probably 
about 2x 10-*% cms. We can form some conception of the intense concentra- 
tion of mass and electrification in the electron by noticing that a gramme of 
electrons, crammed together in cubical piling, would occupy only 7 x 10-™ 
cubic centimetres, while two grammes of electrons placed at a distance of a 
metre apart would repel one another with a force equal to the weight of 
3x10” tons. The electric force of repulsion outweighs the gravitational force 
of attraction in the ratio of 4:2 x 10” to one, 

A piece of ordinary matter in its unelectrified state contains a certain 
number of electrons of this kind, and this number is just such that two 
pieces of matter each in this state exert no electrical forces on one another— 
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this condition in fact defines the unelectrified state. A piece of matter appears 
to be charged with negative or positive electricity according as the number of 
negatively-charged electrons it possesses is in excess or defect of the number 
it would possess in its unelectrified state. 

From this it follows that we cannot go on dividing a charge of electricity 
indefinitely—a natural limit is imposed by the charge of one electron, just as 
in chemistry we suppose a natural limit to be imposed on the divisibility of 
matter by the mass of an atom. The modern view of electricity may then be 
justly described as an “atomic” view. And of all the experimental evidence 
which supports this view none is more striking than the circumstance that 
these “atoms” continually reappear in experiments of the most varied kinds, and 
that the atomic charge of electricity appears always to be precisely the same. 

It also follows that in charging a body with electricity we either add to 
or subtract from its mass according as we charge it with negative electricity 

(ae. add to it a number of electrons), or charge it with positive electricity 
(a.e., remove from it a number of electrons). Since the mass of an electron is 
so minute in comparison with the charge it carries, it will readily be seen 
that the change in its mass is very much too small to be perceptible by any 
methods of measurement which are at our disposal. Maxwell mentions, as 
an example of a body possessing an electric charge large compared with its 
mass, the case of a gramme of gold, which may be beaten into a gold-leaf one 
square metre in area, and can, in this state, hold a charge of 60,000 electro- 
static units of negative electricity. The mass of the number of negatively 
electrified electrons necessary to carry this charge will be found, as the result 
of a brief calculation from the data already given, to be about 10° grammes. 
The change of weight by electrification is therefore one which it is far beyond 
the power of the most sensitive balance to detect. 

‘On this view of electricity, the electrons must repel one another, and 
must be attracted by matter which is devoid of electrons, or in which there is 
a deficiency of electrons. The electrons move about freely through conductors, 
but not through insulators. The reactions which, as we have seen, must be 
supposed to occur at the surface of charged conductors between “matter” and 
“electricity,” can now be interpreted simply as systems of forces between the 
electrons and the remainder of the matter. Up to a certain extent these 
forces will restrain the electrons from leaving the conductor, but if the electric 
forces acting on the electrons exceed a certain limit, they will overcome the 
forces acting between the electrons and the remainder of the conductor, and 
an electric discharge takes place from the surface of the conductor. 

Thus an essential feature of the modern view of electricity is that it 
regards the flow of electricity as a material flow of charged electrons. Good 
conductors and good insulators are now seen to mean simply substances in 
which the electrons move with extreme ease and extreme difficulty respectively. 


22 Electrostatics—Physical Principles . peHet 


The law that equal quantities of positive and negative electricity are generated 
simultaneously means that electrons may flow about, but cannot be created 
or annihilated, 

"The modern view enables us also to give a simple physical interpretation 
to the phenomenon of induction. A positive charge placed near a conductor 
will attract the electrons in the conductor, and these will flow through the 
conductor towards the charge until electrical equilibrium is established. 
There will be then an excess of negative electrons in the regions near the 
positive charge, and this excess will appear as an induced negative charge. 
The deficiency of electrons in the more remote parts of the conductor will 
appear as an induced positive charge. If the inducing charge is negative, 
the flow of electrons will be in the opposite direction, so that the signs of the 
induced charges will be reversed. In an insulator, no flow of electrons can take 
place, so that the phenomenon of electrification by induction does not occur. — 

On this view of electricity, negative electricity is essentially different in 
its nature from positive electricity: the difference is something more funda- 
mental than a mere difference of sign. Experimental proof of this difference 
is not wanting, e.g., a sharply pointed conductor can hold a greater charge of 
positive than of negative electricity before reaching the limit at which a 
discharge begins to take place from its surface. But until we come to those 
parts of electric theory in which the flow of electricity has to be definitely 
regarded as a flow of electrons, this essential difference between positive and 
negative electricity will not appear, and the difference between the two will 
be adequately represented by a difference of sign. 

In the last chapter of the book, it will be explained how recent. experi- 
mental work has traced this essential difference between positive and negative 
electricity down to its source, We shall see that the positive electricity 
occurs only in the central cores or “nuclei” of the atom of which matter is 
constituted, while the outer regions of these atoms consist of negatively- 
charged particles, the “electrons” already described. For this reason the 
negative electricity can run about from one atom to another, and even from 
one conductor to another, but the positive electricity necessarily remains per- 
manently associated with the same atoms of matter. 


SUMMARY. 


29. It will be useful to conclude the chapter by a summary of the results 
which are arrived at by experiment, independently of all hypotheses as to the 
nature of electricity. 

These have been stated by Maxwell in the form of laws, as follows: 

Law I. The total electrification of a body, or system of bodies, 
remains always the same, except in so far as it receives electrification 
from or gives electrification to other bodies, 
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Law II. When one body electrifies another by conduction, the 
total electrification of the two bodies remains the same; that is, the 
one loses as much positive or gains as much negative electrification as 
the other gains of positive or loses of negative electrification. 


Law IIT. When electrification is produced by friction, or by any 
other known method, equal quantities of positive and negative’ electrifi- 
cation are produced. 


Definition. The electrostatic unit of electricity is that quantity of 
positive electricity which, when placed at unit distance from an equal 
quantity, repels it with unit of force. 


Law IV. The repulsion between two small bodies charged respect- 
ively with e and e’ units of electricity is numerically equal to the 
product of the charges divided by the square of the distance. 


These are the forms in which the laws are given by Maxwell. Law I, it 
will be seen, includes II and III. As regards the Definition and Law IV, 
it is necessary to specify the medium in which the small bodies are placed, 
since, as we shall see later, the force is different when the bodies are in air, 
or in a vacuum, or surrounded by other non-conducting media. It is usual 
to assume, for purposes of the Definition and Law IV, that the bodies are in 
air. For strict scientific exactness, we ought further to specify the density, 
the temperature, and the exact chemical composition of the air. Also we 
have seen that when the electricity is not insulated on small bodies, but is 
free to move on conductors, the forces of Law IV must be regarded as acting 
on the charges of electricity themselves. When the electricity is not free to 
move, there is an action and reaction between the electricity and matter, so 
that the forces which really act on the electricity appear to act on the bodies 
themselves which carry the charges, 


CHAPTER II 


THE ELECTROSTATIC FIELD OF FORCE 


CoNCEPTIONS USED IN THE SURVEY OF A FIELD OF FORCE 
I. The Intensity at a point. 


30. THE space in the neighbourhood of charges of electricity, considered 
with reference to the electric phenomena occurring in this space, is spoken of 
as the electric field. 


A new charge of electricity, placed at any point O in an electric field, 
will experience attractions or repulsions from all the charges in the field. 
The introduction of a new charge will in general disturb the arrangement 
of the charges on all the conductors in the field by a process of induction. 
If, however, the new charge is supposed to be infinitesimal, the effects of 
induction will be negligible, so that the forces acting on the new charge may 
be supposed to arise from the charges of the original field. 


Let us suppose that we introduce an infinitesimal charge e on an infinitely 
small conductor. Any charge e, in the field at a distance r, from the point O 
will repel the charge with a force ee,/r,.. The charge e will experience a 
similar repulsion from every charge in the field, so that each repulsion will be | 
proportional to «. 


The resultant of these forces, obtained by the usual rules for the com- 
position of forces, will be a force proportional to e—say a force Re in some 
direction OP. We define the electric intensity at O to be a force of which 
the magnitude is R, and the direction is OP. Thus 


The electric intensity at any point is given, in magnitude and direction, by 
the force per unit charge which would act on a charged particle placed at this 
point, the charge on the particle being supposed so small that the distribution 
of electricity on the conductors in the field is not affected by tts presence. 


The electric intensity at O, defined in this way, depends only on the 
permanent field of force, and has nothing to do with the charge, or the size, 
or even the existence of the small conductor which has been used to explain 
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the meaning of the electric intensity. There will be a definite intensity at 


every point of the electric field, quite independently of the presence of small 
charged bodies. 


A small charged body might, however, conveniently be used for exploring 
the electric field and determining experimentally the direction of the electric 
intensity at any point in the field. For if we suppose the body carrying a 
charge ¢ to be held by an insulating thread, both the body and thread being 
so light that their weights may be neglected, then clearly all the forces 
acting on the charged body may be reduced to two:— 


(i) A force Re in the direction of the electric intensity at the point 
occupied by e, 


(ii) the tension of the thread acting along the thread. 


For equilibrium these two forces must be equal and opposite. Hence the 
direction of the intensity at the point occupied by the small charged body is 
obtained at once by producing the direction of the thread through the charged 
body. And if we tie the other end of the thread to a delicate spring balance, 
we can measure the tension of the spring, and since this is numerically equal 
to Re, we should be able to determine R if ¢ were known. We might in 
this way determine the magnitude and direction of the electric intensity at 
any point in the field. 


In a similar way, a float at the end of a fishing-line might be used to determine the 
strength and direction of the current at any point on a small lake. And, just as with the 
electric intensity, we should only get the true direction of the current by supposing the 
float to be of infinitesimal size. We could not imagine the direction of the current 
obtained by anchoring a battleship in the lake, because the presence of the ship would 
disturb the whole system of currents. 


II. Lines of Force. 


31. Let us start at any point O in the electric field, and move a short 
distance OP in the direction of the electric intensity at O. Starting from P 
let us move a short distance PQ in the direction of the intensity at P, 


Q R 


oO 
Fra. 4. 


and so on. In this way we obtain a broken path OPQR..., formed of 
a number of small rectilinear elements. Let us now pass to the limiting 
case in which each of the elements OP, PQ, QR, ... is infinitely small. 
The broken path becomes a continuous curve, and it has the property that 
at every point on it the electric intensity is in the direction of the tangent 
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to the curve at that point. Such a curve is called a Line of Force. We 
may therefore define a line of force as follows :— 


A line of force is a curve in the electric field, such that the tangent at every 
point is in the direction of the electric intensity at that povnt. 

If we suppose the motion of a charged particle to be so much retarded by frictional 
resistance that it cannot acquire any appreciable momentum, then a charged particle set 
free in the electric field would trace out a line of force. In the same way, we should have 
lines of current on the surface of a lake, such that the tangent to a line of current at any 
point coincided with the direction of the current, and a small float set free on the lake 
would describe a current-line. : 


32. The resultant of a number of known forces has a definite direction, 
so that there is a single direction for the electric intensity at every point of 
the field. It follows that two lines of force can never intersect; for if they 
did there would be two directions for the electric intensity at the point of 
intersection (namely, the two tangents to the lines of force at this point) so 
that the resultant of a number of known forces would be acting in two 
directions at once. An exception occurs, as we shall see, when the resultant 
intensity vanishes at any point. 


The intensity R may be regarded as compounded of three components 
A, Y, Z, parallel to three rectangular axes Ox, Oy, Oz. 


The magnitude of the electric intensity is then given by 
Ri= X?+ Y2+ 23, 
and the direction cosines of its direction are 


oa oie oe 
ie Heme emer 
These, therefore, are also the direction cosines of the tangent at a, y, z 


to the line of force through the point. The differential equation of the 
system of lines of force is accordingly 


III. The Potential. 


33. In moving the small test-charge ¢ about in the field, we may either 
have to do work against electric forces, or we may find that these forces 
will do work for us. A small charged particle which has been placed at a 
point O in the electric field may be regarded as a store of energy, this 
energy being equal to the work (positive or negative) which has been done 
in taking the charge to O in opposition to the repulsions and attractions of 
the field. The energy can be reclaimed by allowing the particle to retrace 
its path. Assume the charge on the moving particle to be so small that 
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the distribution of electricity on the conductors in the field is not affected 
by it. Then the work done in bringing the charge ¢ to a point O is pro- 
portional to e, and may be taken to be Ve. The amount of work done will 
of course depend on the position from which the charged particle started. 
It is convenient, in measuring Ve, to suppose that the particle started at a 
point outside the field altogether, 7.e. from a point so far removedfrom all 
the charges of the field that their effect at this point is inappreciable—for 
brevity, we may say the point at infinity. We now define V to be the 
potential at the point O. Thus 


Lhe potential at any point in the field 1s the work per unit charge which 
has to be done on a charged particle to bring it to that point, the charge on the 
particle being supposed so small that the distribution of electricity on the 
conductors tn the field ts not affected by its presence. 


In moving the small charge ¢« from 2, y, z to «+ dz, y+ dy, 2+ dz, we 
shall have to perform an amount of work 


— (Xda + Ydy + Zdz) e, 


so that in bringing the charge e into position at: 2, y, 2 from outside the field 
altogether, we do an amount of work 


7 | (Xdu + Ydy + Zdz), 


where the integral is taken along the path followed by e. 
Denoting’ the work done on the charge ¢ in bringing it to any point 
2, y, 2 in the electric field by Ve, we clearly have 
a | OO Xd FOP ELD) PO, LO (6), 


giving a mathematical expression for the potential at the point a, y, 2. 


The same result can be put in a different form. If ds is any element of 
the path, and if the intensity R at the extremity of this element makes an 
angle 6 with ds, then the component of the force acting on e when moving 
along ds, resolved in the direction of motion of ¢, is Recos@. The work 
done in moving e.along the element ds is accordingly 


— Re cos Ods, 


so that the whole work in bringing ¢ from infinity to a, y, 2 is 
: @, Y, @ 
—e | Roos Ods, 


and since this is equal, by definition, to Ve, we must have 


va | Oe am nee, (7). 
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We see at once that the two expressions (6) and (7). just obtained for V 
are identical, on noticing that 0 is the angle between two lines of which the 
direction cosines are respectively 


XV Zo de dy de 
Ri Me OR ds’ ds’ ds’ 


Xda, YVdy , Zdz 
We therefore have cos b=5 rae egal 6 


so that RB cos Ods = Xda + Ydy + Zdz, 


and the identity of the two expressions becomes obvious. 


If the Theorem of the Conservation of Energy is true in the Electro- 
static Field, the work done in bringing a small charge e from infinity to any 
point P must be the same whatever path to P we choose. For if the 
amounts of work were different on two different paths, let these amounts 
be Vpe and Vp’e, and let the former be the greater. Then by taking the 
charge from P to infinity by the former path and bringing it back by the 
latter, we should gain an amount of work (Vp— Vp’)e, which would be 
contrary to the Conservation of Energy. Thus Vp and Vp’ must be equal, 
and the potential at P is the same, no matter by what path we reach P. 
The potential at P will accordingly depend only on the coordinates 2, y, 2 
ofeP. 


As soon as we introduce the special law of the inverse square, we shall 
find that the potential must be a single-valued function of a, y, z, as a 
consequence of this law (§ 39), and hence shall be able to prove that the 
Theorem of Conservation of Energy is true in an Electrostatic field. For 
the moment, however, we assume this. 


34, Let us denote by W the work done in moving a charge e from P 
to Q. In bringing the charge from infinity to P, we do an amount of work 


eae 


Fie. 6. 


which by definition is equal to Vpe where Vp denotes the value of V at the 
point P. Hence in taking it from infinity to Q, we do a total amount of 
work Vpe+W. This, however, is also equal by definition to Ye. Hence 
we have 

Vpe+ W=Voe, 
or W = (Vg =) €.5.t.cses. eee (8). 
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35. DEFINITION. A surface in the electric field such that at every point 
on it the potential has the same value, is called an Equipotential Surface. 

In discussing the phenomena of the electrostatic field, it is convenient to think of the 
whole field as mapped out by systems of equipotential surfaces and lines of force, just as 
in geography we think of the earth’s surface as divided up by parallels of latitude and of 
longitude. A more exact parallel is obtained if we think of the earth’s surface as mapped 
out by “contour-lines” of equal height above sea-level, and by lines of greatest slope. 
These reproduce all the properties of equipotentials and lines of force, for in point of fact 
they are actual equipotentials and lines of force for the gravitational field of force. 


THEOREM. LEgquipotential surfaces cut lines of force at right angles. 


Let P be any point in the electric field, and let @ be an adjacent point 
on the same equipotential as P. Then, by definition, Vp = Vg, so that by 
equation (8) W=0, W being the amount of work done in moving a charge e 
from P to Q. If & is the intensity at Q, and 6 the angle which its direction 
makes with QP, the amount of this work must be — Re cos 6 x PQ, so that 


Re cos 6 = 0. 


Hence cos @=0, so that the line of force cuts the equipotential at right 
angles. As in a former theorem, an exception has to be made in favour of 
the case in which R=0. 


36. Instead of P, Q being on the same equipotential, let them now be 
on a line parallel to the axis of «, their coordinates being a, y, z and x + da, 
y, 2 respectively. In moving the charge e from P to Q the work done is 
—Xedz, and by equation (8) it is also (Vo—Vp)e. Hence 

— Xdx = Vg — Vp. 

Since Q and FP are adjacent, we have, from the definition of a differential 

coefficient, 


aN Ve ote 
Beil i alt oa tated 
hence we have the relations 
oV OV OV 
Xta--Z, ees? Er hvscavetesdesenen? (9), 


results which are of course obvious on differentiating equation (6) with 
respect to #, y and z respectively. 


Similarly, if we imagine P, Q to be two points on the same line of force 
we obtain 
we 
ds’ 


where S denotes differentiation along a line of force. Since FR is necessarily 


R=- 


positive, it follows that ay is negative, ze. V decreases as s increases, or the 
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intensity is in the direction of V decreasing. Thus the lines of force run 
from higher to lower values of V, and, as we have already seen, cut all 
equipotentials at right angles. 


37. Ata point which is occupied by conducting material, the electric 
charges, as has already been said, must be in equilibrium under the action of 
the forces from all the other charges in the field. The resultant force from 
all these charges on any element of charge ¢ is however Re, so that we must 
have R=0. Hence X = Y=Z=0, so that 


In other words, V must be constant throughout a conductor for electro- 
static equilibrium to be possible. And in particular the surface of a 
conductor must be an equipotential surface, or part of one. The equi- 
potential of which the surface of a conductor is part has the peculiarity 
of being three-dimensional instead of two-dimensional, for it occupies the 
whole interior as well as the surface of the conductor. 


In the same way, in considering the analogous arrangement of contour-lines and lines 
of greatest slope on a map of the earth’s surface, we find that the edge of a lake or sea 
must be a contour-line, but that in strictness this particular contour must be regarded as 
two-dimensional rather than one-dimensional, since it coincides with the whole surface of 
the lake or sea. 


If V is not constant in any conductor, the intensity is in the direction of 
V decreasing. Hence positive electricity tends to flow in the direction of V 
decreasing, and negative electricity in the direction of V increasing. If two 
conductors in which the potential has different values are joined by a third 
conductor, the intensity in the third conductor will be in direction from 
the conductor at higher potential to that at lower potential. Electricity will — 
flow through this conductor, and will continue to flow until the redistribution 
of potential caused by the transfer of this electricity is such that the potential 
is the same at all points of the conductors, which may now be regarded as 
forming one single conductor. 


Thus although the potential has been defined only with reference to 
single points, it is possible to speak of the potential of a whole conductor. 
In fact, the mathematical expression of the condition that equilibrium shall 
be possible for a given system of charges is simply that the potential shall 
be constant throughout each conductor. And when electric contact is 
established between two conductors, either by joining them by a wire or by 
other means, the new condition for equilibrium which is made necessary by 


the new physical condition introduced, is simply that the potentials of the 
two conductors shall be equal. 
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The earth is a conductor, and is therefore at the same potential through- 
out. In all practical applications of electrostatics, it will be legitimate to 
regard the potential of the earth as zero, a distant point on the earth’s 
surface replacing the imaginary point at infinity, with reference to which 
potentials have so far been measured. Thus any conductor can be reduced 
to potential zero by joining it by a metallic wire to the earth. 


MATHEMATICAL EXPRESSIONS OF THE LAW OF THE INVERSE SQUARE. 


I. Values of Potential and Intensity. 


38. We now discuss the values of the potential and components of 
electric intensity when the space between the conductors is air, so that 
the electric forces are determined by Coulomb’s Law. 


If we have a single point charge e, at a point P, the value of R, the 
resultant intensity at any point 0, is 
clk ae 
FOR 
and its direction is that of PO. Hence if @ is the angle between OP and 


Fie. 6. 


00’, the line joining O to an adjacent point O’, the work done in moving a 


charge e from O to 0’ 
= eR cos 8.00’ 


= eR (OP —O’P) 
=—cehdr, 
where OP=r, O’P=r+dr. Hence the work done against the repulsion 
of the charge ¢, in bringing e from infinity to O’ by any path is 
r=O0'P r=O'P 9 ee 
ef” Rdr =-ef Sar =", 


r=@o T=@ r r,” 


where r,= O'P. 


If there are other charges @, @, ... the work done against all the 
repulsions in bringing a charge ¢ to O’ will be the sum of terms such as the 


above, say 
é 
c(t+2+24...), 
Tr; 2 Ts 
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where 7;, 73, --. are the distartoes from O’ to é,, 3, «.-, 80 that by definition 


Vm a le Se, ieee (10). 
Tr, TT. Ts 
39. It is now clear that the potential at any point depends only on the 
coordinates of the point, so that the work done in bringing a small charge 
from infinity to a point P is always the same, no matter what path we 
choose, the result assumed in § 33. 


It follows that we cannot alter the amount of energy in the field by 
moving charges about in such a way that the final state of the field is the 
_same as the original state. In other words, the Conservation of Energy is 
true of the Electrostatic Field. 


40. Analytically, let us suppose that the charge e, is at a, 1, 2%}; @ at 
Lo, Yo, 2; and so on. The repulsion on a small charge e at a, y, z resulting 
from the presence of @ at a, %1, % 18 

€,€ 
(@—m)P+ (y—mPt+(e- a)” 
and the direction-cosines of the direction in which this force acts on the 
charge e¢, are 
lead Yr" 


[(e@—mP+(y-—ynyP+(e- 2))]? [(e@-myP+y-nPrte- a) 


Hence the component parallel to the axis of # is 


etc. 


e,¢(& — x) 
[(@- a2) +y-wk+@-a)}F 
By adding all such components, we obtain as the component of the 
electric intensity at a, y, z, 
=> e, (@ — a) 
[(e@— 2) + (y—m)yt (2 — apt 
and there are similar equations for Y and Z. 


We have as the value of V at a, y, z, by equation (6), | 
,Y,2 
pee i (Xdw + Ydy + Zde) 


__ [°"* 2a {(@- a) dx +(y—y) dy + (2-2) dz} 
- [(e@—ayP+ (ym) +(¢— a) 
= See 
[(e-—mP + (y—nyl+ @—ayht 
giving the same result as equation (10). 
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41. If the electric distribution is not confined to points, we can imagine 
it divided into small elements which may be treated as point charges. For 
mstance if the electricity is spread throughout a volume, let the charge on 
any element of volume da’ dy'dz’ be pda’ dy'dz’ so that p may be spoken of as 
the “density ” of electricity at 2’, y’, 2’. Then in formula (11) we can replace 
@ by pda'dy'dz’, and a, y,, 2%, by 2’, y’, 2’. Instead of summing the charges 
@, +... we of course integrate pdx’ dy'dz’ through all those parts of the space 
which contain electrical charges. In this way we obtain 


x=[[[—2@=eaedyae 
ay Nee aa a’? on (y ee yy? +(e- 7) pLOUC, 
d ve[{[_——__edwdv'ae 
% | J J [(@-# P+ (yy P+ (2-2 


These equations are one form of mathematical expression of the law of 
the inverse square of the distance. An attempt to perform the integration, 
in even a few simple cases, will speedily convince the student that the form 
is not one which lends itself to rapid progress. A second form of mathe- 
matical expression of the law of the inverse square is supplied by a Theorem 
of Gauss which we shall now prove, and it is this expression of the law which 
will form the basis of our development of electrostatical theory. 


II. Gauss’ Theorem. 


42. Tueorem. If any closed surface is taken in the electric field, and 
uf N denotes the component of the electric intensity at any pownt of this surface 
in the direction of the outward normal, then 


i NdS = 4c, 


where the integration extends over the whole of the surface, and E is the total 
charge enclosed. by the surface. 

Let us suppose the charges in the field, both inside and outside the closed 
surface, to be e, at PR, e, at B, and so on. The intensity at any point is 
the resultant of the intensities due to the charges separately, so that at any 
point of the surface, we may write 


where V,, N.,... are the normal components of intensity due to 4, é, ... 
separately. 


Instead of attempting to calculate / I NdS directly, we shall calculate 


separately the values of i [anas, | [anas, .... The value of i [x dS will, 


by equation (12), be the sum of these integrals. 


AR 3 
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Let us take any small element dS of the closed surface in the neighbour- 
hood of a point Q on the surface and join each point of its boundary to the 
point B. Let the small cone so formed cut off an element of area do from 


Fie. 7. 


a sphere drawn through Q with # as centre, and an element of area dw from 
a sphere of unit radius drawn about # as centre. Let the normal to the 
closed surface at Q in the direction away from F make an angle @ with RQ. 


The intensity at Q due to the charge e, at R is e,/RQ? in the direction 
PQ, so that the component of the intensity along the normal to the surface 
in the direction away from P is 

BG cos 8. 
The contribution to | N,dS from the element of surface is accordingly 
iat 


Ie Re édS, 


the + or — sign being taken according as the normal at Q in the direction 
away from £ is the outward or inward normal to the surface. 


Now cos @ dS is equal to da, the projection of dS on the sphere through Q 
having £ as centre, for the two normals to dS and do are inclined at an 
angle 6. Also do=RQ?dw. For do, dw are the areas cut off by the same 
cone on spheres of radii FQ and unity respectively. Hence 

iy. 008 dS = ee Spi 

If B is inside the closed surface, a line from F# to any point on the unit © 
sphere surrounding — may either cut the closed surface only once as at 
Q (fig. 8)—in which case the normal to the surface at Q in the direction 
away from £ is the outward normal to the surface—or it may cut three 
times, as at Q’, 2”, Q’”’—in which case two of the normals away from P (those 
at Q’, Q” in fig. 8) are outward normals to the surface, while the third normal 
away from P (that at Q” in the figure) is an inward normal—or it may 
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cut five, seven, or any odd number of times, Thus a cone through a small 
element of area dw on a unit sphere about B may cut the closed surface any 
odd number of times. However many times it cuts, the first small area cut 


off will contribute e,dw to_ | | V,d8, the second and third small areas if they 


Fie. 8. 


occur will contribute —e,dw and +¢,d respectively, the fourth and fifth if 
they occur will contribute —e,dw and +¢,d respectively, and so on. The 
total contribution from the cone surrounding do is, in every case, +¢,do. 


Fia. 9. 


Summing over all cones which can be drawn in this way through § we obtain 
the whole value of ‘ | N,d8S, which is thus seen to be simply e, multiplied by 


the total surface area of the unit sphere round R, and therefore 47re,. 
oo 
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On the other hand if 2 is outside the closed surface, as in fig. 9, the 
cone through any element of area dw on the unit sphere may either not cut 
the. closed surface at all, or may cut twice, or four, six or any even number 
of times. If the cone through dw intersects the surface at all, the first pair 
of elements of surface which are cut off by the cone contribute —¢dw and 


+e,dw respectively to i i N,dS. The second pair, if they occur, make a similar 


contribution and so on. In every case the total contribution from any small 
cone through PB is nil. By summing over all such cones we shall include 
the contributions from all parts of the closed surface, so that if is outside 


the surface | NV,d8 is equal to zero. 


We have now seen that | [mas is equal to 47re, when the charge e, is 


inside the closed surface, and is equal to zero when the charge ¢, is outside 
the closed surface. Hence © 


[[ras=[[mas+ |[aas+.. 


= 47 x (the sum of all the charges inside the puree 
= 47 EL, 
which proves the theorem. 

Obviously the theorem is true also when there is a continuous distribution 
of electricity in addition to a number of point charges. For clearly we can 
divide up the continuous distribution into a number of small elements and 
treat each as a point charge. 


Since WV, the normal component of intensity, is equal by § 36 to — 7 
where — é denotes differentiation along the outward normal, it appears that 


On 
we can also express Gauss’ Theorem in the form 


Is or ds = ae 


Gauss’ theorem forms the most convenient method at our disposal, of — 
expressing the law of the inverse square. 


We can obtain a preliminary conception of the physical meaning under- 
lying the theorem by noticing that if the surface contains no charge at all, 
the theorem expresses that the average*normal intensity is nil. If there is 
a negative charge inside the surface, the theorem shews that the average 
normal intensity is negative, so that a positively charged particle placed at 
a point on the imaginary surface will be likely to experience an attraction to 
the interior of the surface rather than a repulsion away from it, and vice 
versd if the surface contains a positive charge, 
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Corollaries to Gauss’ Theorem. 


43. Tuzorem. Jf a closed surface be drawn, such that every point on tt 
is occupied by conducting material, the total charge inside it is nil. 


We have seen that/at any point occupied by conducting material, the 
electric intensity must vanish. Hence at every point of the closed surface, 


N =0, so that i | NdS=0, and therefore, by Gauss’ Theorem, the total charge 


inside the closed surface must vanish. 


The two following special cases of this theorem are of the greatest 
importance. 


44, THEOREM. There is no charge at any point which is occupied by con- 
ducting material, unless this point is on the surface of a conductor. 


For if the point is not on the surface, it ‘will be possible to surround the 
point by a small sphere, such that every point of this sphere is inside the 
conductor. By the preceding theorem the charge inside this sphere is nil, 
hence there is no charge at the point in question. 


This theorem is often stated by saying :— 
The charge of a conductor resides on its surface. 


45. THEoREM. If we have a hollow closed conductor, and place any 
number of charged bodies inside it, the charge on its inner surface will be equal 
in magnitude but opposite in sign, to the total charge on the bodies inside. 


For we can draw a closed surface entirely inside the material of the 
conductor, and by the theorem of § 43, the whole charge inside this surface 
must be nil. This whole charge is, however, the sum of (i) the charge on the 
inner surface of the conductor, and (11) the charges on the bodies inside the 
conductor. Hence these two must be equal and opposite. 


This result explains the property of the electroscope which led us to the 
conception of a definite quantity of electricity. The vessel placed on the 
plate of the electroscope formed a hollow closed conductor. The charge on 
the inner surface of this conductor, we now see, must be equal and opposite 
to the total charge inside, and since the total charge on this conductor is nal, 
the charge on its outer surface must be equal and opposite to that on the 
inner surface, and therefore exactly equal to the sum of the charges placed 
inside, independently of the position of these charges. 


° The Cavendish Proof of the Law of the Inverse Square. 


46. We have deduced from the law of the inverse square, that the 
charge inside a closed conductor is zero. We shall now shew that the 
converse theorem is also true. Hence, in the known fact, revealed by the 
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observations of Cavendish and Maxwell, that the charge inside a closed 
conductor is zero, we have experimental proof of the law of the inverse 
square which admits of much greater accuracy than the experimental proof 
of Coulomb. 


The theorem that if there is no charge inside a spherical conductor the 
law of force must be that of the inverse square is due to Laplace. We need 
consider this converse theorem only in its application to a spherical conductor, 
this being the actual form of conductor used by Cavendish. The apparatus 
illustrated in fig. 10 is not that used by Cavendish, but is an improved 
form designed by Maxwell, who repeated Cavendish’s experiment in a more 
delicate form. 


Two spherical shells are fixed by a ring of ebonite so as to be concentric — 
with one another, and insulated from one another. 
a Electrical contact can be established between the two 
by letting down the small trap-door B through which 
a wire passes, the wire being of such a length as just 
to establish contact when the trap-door is closed. The 
experiment is conducted by electrifying the outer 
shell, opening the trap-door by an insulating thread 
without discharging the conductor, afterwards dis- 
charging the outer conductor and testing whether any 
charge is to be found on the inner shell by placing it 
in electrical contact with a delicate electroscope by 
means of a conducting wire inserted through the trap- 
door. It is found that there are no traces of a charge 
on the inner sphere. 


47. Suppose we start to find the law of electric 
force such that there shall be no charge on the inner 
sphere. Let us assume a law of force such that the repulsion between two 
charges ¢, e’ at distance r apart is ee’d(r). The potential, calculated as 
explained in § 33, is 


where the summation extends over all the charges in the field. 


Let us calculate the potential at a point inside the sphere due toa charge 
E spread entirely over the surface of the sphere. If the sphere is of radius a, 
the area of its surface is 47ra’, so that the amount of charge per unit area is 


E/47a?, and the expression for the potential becomes A 
Ey 7 : 
eh | le ( xo dr) a? sin 648d .-essseessvs00 (14), 


the summation of expression (13) being now replaced by an integration which 
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extends over the whole sphere. In this expression r is the distance from the 
point at which the potential is evaluated, to the element a?sin 0d0dq of 
spherical surface. 


If we agree to evaluate the potential at a point situated on the axis 0=0 
at a distance c from the centre, we may write 
r = a?+c? — 2ac cos 0. 


Since ¢ is a constant, we obtain as the relation between dr and dd, by 
differentiation of this last equation, 


ROP LG SIG CO cass cic catewahemnd-tteucse ss (15). 


If we integrate expression (14) with respect to ¢, the limits being of 
course ¢=0 and ¢=27, we obtain 


0=7 fe) 
V=4E | ( | 5) dr) sin 040, 
6=0 r 
or, on changing the variable from @ to r, by the help of relation (15) 
v=48 |" ([ pear) 
az r=a-c \Jr 2 ger” 


If we introduce a new function f(r), defined by 


f0)=|([- @@ar)rar, 


we obtain as the value of V, 


Vax tH(a+0)-f(a-0)}. 


If the inner and outer spheres are in electrical contact, their potentials 
are the same; and if, as experiment.shews to be the case, there is no charge 
on the inner sphere, then the whole potential must be that just found. This 
expression must, accordingly, have the same value whether c represents the 
radius of the outer sphere or that of the inner. Since this is true whatever 
the radius of the inner sphere may be, the expression must be the same for 
all values of c. We must accordingly have 


2acY = f(ate)—f(a-9), 
where V is the same for all values of c. Differentiating this equation twice 
with respect to c, we obtain 

0=f"(a+c)—f" (a—¢). 
Since by definition, f(r) depends only on the law of force, and not on a or ¢, 
it follows from the relation 

f' (ate=f" (a-¢), 

that f” (r) must be a constant, say C. 
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Hence S(r)=A+ Brt+ 40r°, 


pid by, definition wey | ( i (7) dr) rdr, 
a 
so that on equating the two values of f/” (r), 
Br Or=r | $ (r) dr. 
- 


oo B 
Therefore | o(r)dr=C+ -? 
r 


B 
or $(r)= 7? 
so that the law of force is that of the inverse square. 


48. Maxwell has examined what charge would be produced on the inner 
sphere if, instead of the law of force being accurately B/r®, it were of the 
form B/r*+4, where q is some small quantity. In this way he found that if q 
were even so great as zy, the charge on the inner sphere would have been 
too great to escape observation. As we have seen, the limit which Cavendish 
was able to assign to g was 75. 


It may be urged that the form B/r?*? is not a sufficiently general 
law of force to assume. To this Maxwell has replied that it is the most 
general law under which conductors which are of different sizes but geometri- 
cally similar can be electrified similarly, while experiment shews that in point 
of fact geometrically similar conductors are electrified similarly. We may 
say then with confidence that the error in the law of the inverse square, if 
any, is extremely small. It should, however, be clearly understood that 
experiment has only proved the law B/r? for values of r which are great 
enough to admit of observation. The law of force between two electric 
charges which are at very small distances from one another still remains 
entirely unknown to us. 


III. The Equations of Poisson and Laplace. 


49. There is still a third way of expressing the law of the inverse 
square, and this can be deduced most readily from 
Gauss’ Theorem. 


Let us examine the small rectangular parallel- 
epiped, of volume dadydz, which is bounded by 


ls the six plane faces 
y oo x=&+4dz, y=n +t tdy, z=Ct+hdz. 


We shall suppose that this element does not con- 
tain any point charges of electricity, or part of 
Fie. 11, any charged surface, but for the sake of generality 

we shall suppose that the whole space is charged 


! 
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with a continuous distribution of electricity, the volume-density of electrifi- 
cation in the neighbourhood of the small element under consideration being 
p. The whole charge contained by the element of volume is accordingly 
pdadydz, so that Gauss’ Theorem assumes the form 


© [ [ids = 4epdadyde vase thpeeemedbenaperagen(LO) 


The surface integral is the sum of six contributions, one from each face of 
the parallelepiped. The contribution from that face which lies in the plane 
2x=&—tdzx is equal to dydz, the area of the face, multiplied by the mean 
value of N over this face. To a sufficient approximation, this may be 
supposed to be the value of V at the centre of the face, ze. at the point 
&—4dz, », 6, and this again may be written 
(Fe) 
ae §—4$dz,n, ¢ 


so that the contribution to | NdS from this face is 


dydz (=) . 
Of 5 _sda,m¢ 


Similarly the contribution from the opposite face is 
— dydz (=) ‘ 

E+4de,n, f 

the sign being different because the outward normal is now the positive axis 

of w, whereas formerly it was the negative axis. The sum of the contributions 

from the two faces perpendicular to the axis of a is therefore 


7 
a (=) te (=) Soh (17). 
= E+hdax, 7, ¢ §—3dz,n, ¢ aV 
The expression inside curled brackets is the increment in the function an 


; " : o feVves 
when x undergoes a small increment dz. This we know is dic = (ss) , so 


that expression (17) can be put in the form 


aya dadydz. 


Ou? 
The whole value of i : Nds5 is accordingly 


OV eV. pov 
-—(=54+55+s5 d 
i + ay? oe a) dedy z, 
and equation (16) now assumes the form 
OV GV, OV 


eas oe ATP Atte arcs eee (18). 
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This is known as Poisson’s Equation; clearly if we know the value of the 
potential at every point, it enables*us to find the charges by which this 
potential is produced. 


50. In free space, where there are no electric charges, the equation 
assumes the form 
CV + 0 Vaan 


Gat * Oy Oe 
and this is known as Laplace’s Equation. We shall denote the operator 


ak eee ae 
Bat * aye * Bat 
by V2, so that Laplace’s equation may be written in the abbreviated form 
PV 20 ala ee ee (20). 


Equations (18) and (20) express the same fact as Gauss’ Theorem, but 
express it in the form of a differential equation. Equation (20) shews that 
in a region in which no charges exist, the potential. satisfies a differential 
equation which is independent of the charges outside this region by which 
the potential is produced. It will easily be verified by direct differentiation 
that the value of V given in equation (10) is a solution of equation (20). 

We can obtain an idea of the physical meaning of this differential 
equation as follows. 


Let us take any point O and construct a sphere of radius r about this 
point. The mean value of V averaged over the surface of the sphere is 


V=_,|/Vas 


1 ; 
=7 i V sin 6d0d¢, 
where 7, 0, @ are polar coordinates, having O as origin. If we change the 
radius of this sphere from r to 7 + dr, the rate of change of V is 
OV, UREOV @ 
or 4 [F sin ddédd 


SS GeV. 
-Em || 748 


= 0, by Gauss’ Theorem, 


shewing that V is independent of the radius r of the sphere. Taking r=0, 
the value of V is seen to be equal to the potential at the origin O. 


This gives the following interpretation of the differential equation: 


V varies from point to point in such a way that the average value of V 
taken over any sphere surrounding any point O is equal to the value of V at O. 


SS 


a 


a <n 
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DEDUCTIONS FROM Law oF INVERSE SQUARE. 


51. THEorEM. The potential cannot have a maximum or a minimum 
value at any point in space which is not occupied by an electric charge. 

For if the potential is to be a maximum at any point O, the potential at 
every point on a sphere “of small radius r surrounding O must be less than 
that at O. Hence the average value of the potential on a small sphere 
surrounding O must be less than the value at O, a result in opposition to 
that of the last section. 


A similar proof shews that the value of V cannot be a minimum. 


52. A second proof of this theorem is obtained at once from Laplace’s 
equation. Regarding V simply as a function of 2, y, z, a necessary condition 


for V to have a maximum value at any point is that ae ae nd ae shall 
each be negative at the point in question, a condition which is inconsistent 
with Laplace’s equation 
Va OV Me Vi 
oa® * Dy oy? + oa 
So also for V to be a minimum, the three differential coefficients would 
have to be all positive, and this again would be inconsistent with Laplace’s 


equation. 


= 0, 


53. If V is a maximum at any point, O, which as we have just seen 


must be occupied by an electric charge, then the value of = must be 


: Vases ; 
negative as we cross a sphere of small radius r. Thus i | = dS is negative 


where the integration is taken over a small sphere surrounding O, and by 
Gauss’ Theorem the value of the surface integral is — 4re, where e is the 
total charge inside the sphere. Thus e must be positive, and similarly if V 
is a minimum, e must be negative. Thus: 

If V is a maximum at any point, the point must be occupied by a positive 
charge, and if V is a minimum at any point, the point must be occupied by a 
negative charge. 


54. We have seen (§ 36) that in moving along a line of force we are 
moving, at every point, from higher to lower potential, so that the potential 
continually decreases as we move along a line of force. Hence a line of 
force can end only at a point at which the potential is a minimum, and 
similarly by tracing a line of force backwards, we see that it can begin only 
at a point of which the potential is a maximum. Combining this result 
with that of the previous theorem, it follows that: 

Lines of force can begin only on positive charges, and can end only on 


negative charges. 
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It is of course possible for a line of force to begin on a positive charge, 
and go to infinity, the potential decreasing all the way, in which case the 
line of force has, strictly speaking, no end at all. So also, a line of force may 
come from infinity, and end on a negative charge. 


Obviously a line of force cannot begin and end on the same conductor, 
for if it did so, the potential at its two ends would be the same. Hence there 
can be no lines of force in the interior of a hollow conductor which contains 
no charges; consequently there can be no charges on its inner surface. 


Tubes of Force. 


55. Let us select any small area dS in the field, and let us draw the 
lines of force through every point of the boundary of this small area. If 
dS is taken sufficiently small, we can suppose the electric intensity to be the 
same in magnitude and direction at every point of dS, so that the directions 
of the lines of force at all the points on the boundary will be approximately 
all parallel. By drawing the lines of force, then, we shall obtain a “tubular” 
surface—ze., a surface such that in the neighbourhood of any point the 


surface may be regarded as cylindrical. The surface obtained in this way 


is called a “tube of force.” A normal cross-section of a “tube of force” is a 
section which cuts all the lines of force through its boundary at right angles. 
It therefore forms part of an equipotential surface. 


56. THeorEM. If a, w, be the areas of two normal cross-sections of the 
same tube of force, and R,, Li, the intensities at these sections, then 


R,0, = Ryo. 


Consider the closed surface formed by the two cross-sections of areas 
©, @,, and of the part of the tube of force 
»,  Joiming them. There is no charge inside this 


surface, so that by Gauss’ theorem, i NdS=0. 


If the direction of the lines of force is from 

a @, to w,, then the outward normal intensity 
Fic. 12. over w, is R,, so that the contribution from this 

area to the surface integral is R,w,. So also 

over w, the outward normal intensity is — R,, so that w, gives a contribution 
—f,o,. Over the rest of the surface, the outward normal is perpendicular to 
the electric intensity, so that V =0, and this part of the surface contributes 


nothing to | | NdS. The whole value of this integral, then, is 
R, @2 — Ri, Wi; 


and since this, as we have seen, must vanish, the theorem is proved. 


ee 
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57. Couroms’s Law. Jf R is the outward intensity at a point just 
outside a conductor, then R=4arc, where o is the surface density of electri- 
fication on the conductor. 


We have already seen that the whole electrification of a conductor must 
reside on the surface. Therefore we no longer deal with a volume density 
of electrification p, such that the charge in the element of volume dadydz is 
p dxdydz, but with a surface-density of electrification « such that the charge 
on an element dS of the surface of the conductor is odS. 


The surface of the conductor, as we have seen, is an equipotential, so that 
by the theorem of p. 29, the intensity is in a direction normal to the 
surface. Let us draw perpendiculars to the surface at every 
point on the boundary of a small element of area dS, these per- 
pendiculars each extending a small distance into the conductor 
in one direction and a small distance away from the conductor 
in the other direction. We can close the cylindrical surface so 
formed, by two small plane areas, each equal and parallel to the 
original element of area dS. Let us now apply Gauss’ Theorem 
to this closed surface. The normal intensity is zero over every 
part of this surface except over the cap of area dS which is 
outside the conductor. Over this cap the outward normal in- —- ig. 13, 
tensity is R, so that the value of the surface integral of normal 
intensity taken over the closed surface, consists of the single term RdS. 
The total charge inside the surface is odS, so that by Gauss’ Theorem, 


Te OVies AD OS. faa necesse ose ine anntiens ater (21); 
and Coulomb’s Law follows on dividing by dS. 


58. Let us draw the complete tube of force which is formed by the 
lines of force starting from points on the boundary of the element dS of the 
surface of the conductor. Let us suppose that the surface density on this 
element is positive, so that the area dS forms the normal cross-section at 


Fie. 14. 


the positive end, or beginning, of the tube of force. Let us suppose that at 
the negative end of the tube of force, the normal cross-section is dS’, that 
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the surface density of electrification is o’, o being of course negative, and 
that the intensity in the direction of the lines of force 1s R’. Then, as in 
equation (21), 
‘ a R'dS’ = — 4a’ dS’, 
since the outward intensity is now — Ff’. 

Since R, R’ are the intensities at two points in the same tube of force 
at which the normal cross-sections are dS, dS’, it follows from the theorem 
of § 56, that 


RdS = Rds’ 
and hence, on comparing the values just found for RdS and R’dS’, that 
. odS = —oa'dS’. 


Since odS and o’dS’ are respectively the charges of electricity from which 
the tube begins and on which it terminates, we see that: 


The negative charge of electricity on which a tube of force terminates is 
numerically equal to the positive charge from which tt starts. 


If we close the ends of the tube of force by two small caps inside the 
conductors, as in fig. 14,-we have a closed surface such that the normal 
intensity vanishes at every point. Thus, by Gauss’ Theorem, the total 
charge inside must vanish, giving the result at once. 


59. The numerical value of either of the charges at the ends of a 
tube of force may conveniently be spoken of as the strength of the tube. A 
tube of unit strength is spoken of by many writers as a unit tube of force. 


The strength of a tube of force is dS in the notation already used, and 
this, by Coulomb’s Law, is equal to = RdS where £ is the intensity at the 


end dS of the tube. By the theorem of § 56, RdS is equal to R,w, where 
A,, @, are the intensity and cross-section at any point of the tube. Hence 
A, o, = 47 times the strength of the tube. It follows that: 


Lhe intensity at any point is equal to 4a times the aggregate strength per 
unit area of the tubes which cross a plane drawn at right angles to the 
direction of the intensity. 


In terms of unit tubes of force, we may say that the intensity is 4a 


times the number of unit tubes per unit area which cross a plane drawn at 
right angles to the intensity. 


The conception of tubes of force is due to Faraday: indeed it formed 
almost his only instrument for picturing to himself the phenomena of the 
Electric Field. It will be found that a number of theorems connected with 
the electric field become almost obvious when interpreted with the help of 
the conception of tubes of force. For instance we proved on p. 87 that 
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when a number of charged bodies are placed inside a hollow conductor, they 
induce on its inner surface a charge equal and opposite to the sum of all 
their charges. This may now be regarded as a special case of the obvious 
theorem that the total charge associated with the beginnings and termi- 


nations of any number of-tubes of force, none of which pass to infinity, must 
be nil. 


EXAMPLES OF FIELDS oF FORCE. 


60. It will be of advantage to study a few particular fields of electric 
force by means of drawing their lines of force and equipotential surfaces. 


I. Two Equal Point Charges. 


61. Let A, B be two equal point charges, say at the points «=—a, +a. 
The equations of the lines of force which are in the plane of a, y are 
easily found to be 


et fae y 
ae. CoE SAAS se ccceccescccccccccee (22), 
a+a( pr pa) 


where P is the point a, y. 
This equation admits of integration in the form 
Cre wae 
PALE 
From this equation the lines of force can be drawn, and will be found to lie 
as in fig. 15. 


ECON, “ai sassshuetentsusceeenes (28). 


62. There are, however, only a few cases in which the differential 
equations of the lines of force can be integrated, and it is frequently simplest 
to obtain the properties of the lines of force directly from the differential 
equation. The following treatment illustrates the method of treating lmes 
of force without integrating the differential equation. 


From equation (22) we see that obvious lines of force are 


G) y=0, %=0, giving the axis AB; 


(i) #=0, PA=PB, Y= co, giving the line which bisects AB at 


right angles. 
These lines intersect at CO, the middle point of AB. At this point, then, 


oy has two values, and since oy at it follows that we must have X =0, 
Ox a: @ 


Y=0. In other words, the point C is a point of equilibrium, as is otherwise 
obvious. 


48 Electrostatics—Field of Force ee Ceci a 


The same result can be seen in another way. If we start from A and 
draw a small tube surrounding the line AB, it is clear that the cross-section 
of the tube, no matter how small it was initially, will have become infinite 
by the time it reaches the plane which bisects AB at right angles—in fact 
the cross-section is identical with the infinite plane. Since the product of 
the cross-section and the normal intensity is constant throughout a habe it 
follows that at the point C, the intensity must vanish. 


Fie. 15. 


At a great distance R from the points A and B, the fraction 
PB Pat 
PB + PA*® 

" vanishes to the order of 1/R, so that 


except for terms of the order of 1/R% Thus at infinity the lines of force 
become asymptotic to straight lines passing through the origin. 


Let us suppose that a line of force starts from A making an angle @ with 
BA produced, and is asymptotic at infinity to a line through C which makes 
an angle @ with BA produced. By rotating this line of force about the 
axis AB we obtain a surface which may be regarded as the boundary of 
a bundle of tubes of force. This surface cuts off an area 


2a (1 — cos @) 7* 
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from a small sphere of radius r drawn about A, and at every point of 


this sphere the intensity is e/r? normal to the sphere. The surface again 
cuts off an area 


27 (1 —cos d) R? 
from a sphere of very great radius R drawn about C, and at every point 
of this sphere the intensity is 2e/R% Hence, applying Gauss’ Theorem 
to the part of the field enclosed by the two spheres of radii r and R, 


and the surface formed by the revolution of the line of force about AB, 
we obtain 
2e 


ath 


e 
2a (1 — cos @) 1° x ©, — 2a (1 — cos $) Bx 5 


from which follows the relation 
sin¢0=/2 sin} ¢. 


In particular, the line of force which leaves A in a direction perpendicular 
to AB is bent through an angle of 30° before it reaches its asymptote at 
infinity. 

The sections of the equipotentials made by the plane of «xy for this case 
are shewn in fig. 16 which is drawn on the same scale as fig, 15. The equa- 
tions of these curves are of course 
an + aby, = cons. 

PACE De sy 
curves of the sixth degree. The equipotential which passes through C is 
of interest, as it intersects itself at the point C. This is a necessary conse- 


Fia. 16. 


quence of the fact that C isa point of equilibrium. Indeed the conditions 
for a point of equilibrium, namely 


may be interpreted as the condition that the equipotential (V =constant) 
through the point should have a double tangent plane or a tangent cone at 
the point. 


4 
J. 
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II. Pownt charges +e, —e. 


63. Let charges +e be at the points s=+4a (A, B) respectively. The 
differential equations of the lines of force are found to be 


CUerl ee y 
af SP Bea 
et Geese 


Ill. Electric Doublet. 


64. An important case occurs when we have two large charges + e, —e, 
equal and opposite in sign, at a small distance apart. Taking Cartesian 
coordinates, let us suppose we have the charge +e at a, 0, 0 and the charge 

—e at —a, 0, 0, so that the distance of the charges is 2a. 


The potential is 
Beams Saa dco Shs Marea | 
V(a-—aPt+y+2 V(@ +a)? +4? +22 
ae when a is very small, so that squares and higher powers of a may be 
neglected, this becomes 
2eax 
(a? ae y? a 2) 
If @ is made to vanish, while e becomes infinite, in such a way that 
2ea retains the finite value pu, the system is described as an electric 
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doublet of strength » having for its direction the positive axis of w Its 
potential is 
wa 
(a? + y? + 22) 


Loe 
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or, if we turn to polar coordinates and write =r cos 0, is 


eee eer eeresereeeeseeeeneeeueaeseeee 


The lines of force are shewn in fig. 18. Obviously the lines at the 
centre of this figure become identical with those shewn in fig. 17, if the 
latter are shrunk indefinitely in size. 

4—2 
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LV: Point charges + 4e, —@ 


65. Fig. 19 represents the distribution of the lines of force when the 
electric field is produced by two point charges, + 4e at A and —e at B. 


At infinity the resultant force will be 3¢/r?, where r is the distance from 
a point near to A and B, The direction of this force is outwards. Thus no 
lines of force can arrive at B from infinity, so that all the lines of force 
which enter B must come from A. The remaining lines of force from A go 
to infinity, The tubes of force from A to B form a bundle of aggregate 


Fic. 19. 


strength e, while those from A to infinity have aggregate strength 8e. The 
two bundles of tubes of force are separated by the lines of force through C. 
At C the direction of the resultant force is clearly indeterminate, so that C 


is a point of equilibrium. As the condition that C is a point of equilibrium 
we have 


So that AB=BC. At C the two lines of force from A coalesce and then 
separate out into two distinct lines of force, one from C to B, and the other 
from C to infinity in the direction opposite to OB. 

The equipotentials in this field, the system of curves 


4 1 
PA ~ PB = O28» 


are represented in fig. 20, which is drawn on the same scale as fig. 19. 
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Since C’ is a point of equilibrium the equipotential through the point C 
must of course cut itself at C. At C the potential 


since CA =20B. From the loop of this equipotential which surrounds B, 
the potential must fall continuously to-— o as we approach B, since, by the 
theorem of § 51, there can be no maxima or minima of potential between 
this loop and the point B. Also no equipotential can intersect itself since 
there are obviously no points of equilibrium except C. One of the inter- 


Fie. 20. 


mediate equipotentials is of special interest, namely that over which the 
potential is zero. This is the locus of the point P given by 


ee 

PA web iis 
and is therefore a sphere. This is represented by the outer of the two 
closed curves which surround B in the figure. 


0, 


In the same way we see that the other loop of the equipotential through 
C must be occupied by equipotentials for which the potential rises steadily 
to the value +o at A. So also outside the equipotential through C, the 
potential falls steadily to the value zero at infinity. Thus the zero equi- 
potential consists of two spheres—the sphere at infinity and the sphere 
surrounding B which has already been mentioned. 
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V. Three equal charges at the corners of an equilateral triangle. 


66. As a further example we may examine the disposition of equi- 
potentials when the field is produced by three point charges at the corners 
of an equilateral triangle. The intersection of these by the plane in which 
the charges lie is represented in fig. 21, in which A, B, C are the points at 
which the charges are placed, and D’is the centre of the triangle ABC. 


It will be found that there are three points of equilibrium, one on each 
of the lines AD, BD, CD. Taking AD =a, the distance of each point of 
equilibrium from D is just less than $a. The same equipotential passes 
through all three points of equilibrium. If the charge at each of the points 


Fic. 21. 


A, B, C is taken to be unity, this equipotential has a potential = . The 


equipotential has three loops surrounding the points A, B, 0. In each of 

these loops the equipotentials are closed curves, which finally reduce to 

small circles surrounding the points % B, C. Those drawn correspond to 
3 =, 35 3°75 go4 


the potentials —— - and = = 
cee Sees 


Outside the equipotential to , the equipotentials are closed curves 
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surrounding the former equipotential, and finally reducing to circles at in- 
2 2:25 2°5 2°75 
<a Se and ane . 


finity. The curves drawn correspond to potentials =, 
OD CAG, 


There remains the region between the point D and the equipotential _ 
At D the potential is so that the potential falls as we recede from the 


equipotential a and reaches its minimum value at D. The potential at 


D 1s of course not a minimum for all directions in space: for the potential 
increases as we move away from D in directions which are in the plane 
ABC, but obviously decreases as we move away from D in a direction per- 


Fie. 22. 


pendicular to this plane. Taking D as origin, and the plane ABC as plane 
of xy, it will be found that near D the potential is 


= 3 3 ee 2 
Vee ty 227), 
Thus the equipotential through D is shaped like a right circular cone in 
the immediate neighbourhood of the point D. From the equation just 
found, it is obvious that near D the sections of the equipotentials by the 


plane ABC will be circles surrounding D. 
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From a study of the section of the equipotentials as shewn in fig. 21, it is 
easy to construct the complete surfaces. We see that each equipotential for 
which V has a very high value consists of three small spheres surrounding the 
points A, B,C. For smaller values of V, which must, however, be greater 


than 7 each equipotential still consists of three closed surfaces surround- 


ing A, B, C, but these surfaces are no longer spherical, each one bulging out 
towards the point D. As V decreases, the surfaces continue to swell out, 


until, when pee the surfaces touch one another simultaneously, in a 


way which will readily be understood on examining the section of this equi- 
potential as shewn in fig. 21. It will be seen that this equipotential is 
shaped like a flower of three petals from which the centre has been cut away. 


As V decreases further the surfaces continue to swell, and when v=2, the 


space at the centre becomes filled up. For still smaller values of V the 
equipotentials are closed singly-connected surfaces, which finally become 
spheres at infinity corresponding to the potential V =0. 


The sections of the equipotentials by a plane through DA perpendicular 
to the plane ABC are shewn in fig. 22. 


SPECIAL PROPERTIES OF EQUIPOTENTIALS AND LINES OF FoRcE, 


Lhe Equipotentials and Lines of Force at infinity. 
67. In § 40, we obtained the general equation 
al 
[(e-m) + — n+ (6 - a) 


If r denotes the distance of x, y, z from the origin, and r, the distance of 
%, Yi, 2, from the origin, we may write this in the form 


Wes) a 
[r? — 2 (wa, + YY + 2%) + 77] 


At a great distance from the origin this may be expanded in descending 
powers of the distance, in the form 


VasSi1 4 tant ss, Son + yy + 24) lr? 
2 a Ts oe oe 


—_ 


de, 


The term of order a is —, 
r r 


lege} 
The term of order reel Le, (wa, + yy, + 2%), 
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If the origin is taken at the centroid of @ at, Yi, 2%, Cy At Wy, Yo, 2, ete. 
we have 


24%=0, Yay,=0, ez,=0. 
Thus by taking the origin at this centroid, the term of order 4 will 


disappear. 


The term of order 2 is 


3 
38 Le, (wa, + YY, + 22,)?— a Yer. 


Let A, B, C, be the moments of inertia about the axes, of ¢, at x, %, %, 
ete., and let J be the moment of inertia about the line joining the origin to 
x, y, 2; then 

Zen? =4(4+B+0), 


Xe, (aa, + yy, + 24,2 = 7? (ear? = I), 
and the terms of order = become 


A+B+C=3I 
2rs 

Thus taking the centroid of the charges as origin, the potential at a great 

distance from the origin can be expanded in the form 
ze, A+B+C-3I 
Lrtat iaipan aces 
Thus except when the total charge Le vanishes, the field at infinity is 
the same as if the total charge Xe were collected at the centroid of the 
charges. Thus the equipotentials approximate to spheres having this point 
as centre, and the asymptotes to the lines of force are radii drawn through 
the centroid. These results are illustrated in the special fields of force 

considered in §§ 61—66. 


=P oc 


‘The Lines of Force from collinear charges. 


68. When the field is produced solely by charges all in the same straight 
line, the equipotentials are obviously surfaces of revolution about this line, 
while the lines of force lie entirely in planes through this line. In this 
important case, the equation of the lines of force admits of direct integration. 


Let RP, B, B,... be the positions of the charges &, é, @,-... Let Q, Q 
be any two adjacent points on a line of force. Let NV be the foot of the 
perpendicular from Q to the axis RR, ..., and let a circle be drawn perpen- 
dicular to this axis with centre V and radius QN. ‘This circle subtends 


at RB a solid angle 
2ar (1 — cos 4,), 
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where 6, is the angle QRWN. Thus the surface integral of normal force 
arising from ¢,, taken over the circle QN, is 


Q7re, (1 — cos A) 
and the total surface integral of normal force taken over this surface is 


Qe, (1 — cos 44). 


If we draw the similar circle through Q’, we obtain a closed surface 
bounded by these two circles and by the surface formed by the revolution 


Fig. 23. 


of QQ’. This contains no electric charge, so that the surface integral of 
normal force taken over it must be nil. Hence the integral of force over 
the circle QV must be the same as that over the similar circle drawn 
through Q’. This gives the equations of the lines of force in the form 


(integral of normal force through circle such as Qi) = constant, 
which as we have seen, becomes 
De, cos 0, = constant. 
Analytically, let the point F have coordinates a,, 0, 0, let B have 
coordinates a, 0, 0, etc. and let Q be the point a, y, z Then 

L— 2, 
V(a—aP+y+ 2’ 
and the equation of the surfaces formed by the revolution of the lines of 
force is 


cos 6, = 


@ (% — 2) 
Va-aypryre 
It will easily be verified by differentiation that this is an integral of the 
differential equation 


= constant. 


a oY 
aa X" 
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Equipotentials which intersect themselves. 


69. We have seen that, in general, the equipotential through any point 
of equilibrium must intersect itself at the point of equilibrium. 


Let @, y, z be a point of equilibrium, and let the potential at this point be 
denoted by Vj. Let the potential at an adjacent point «+£, y+; 2+ be 
denoted by V;,,,¢. By Taylor’s Theorem, if f(#, y, z) is any function of 
2, Y, 4, we have 


ferbytnet=feoyd+eg +n tea (Eel sam 20 4...), 


where the differential coefficients of f are evaluated at 2, y, z Taking 
I (@, y, 2) to be the potential at a, y, z, this of course being a function of the 
variables x, y, 2, the foregoing equation becomes 


OV... OV... Ove eV eV 
Vin, ¢=K+ a oe aaa et oacy + 33) -#(25): 


If aw, y, 2 is a point of equilibrium, 


DRONE OVE 
On Oy) OZ 
Rigs) eV 
so that Vin c= Ke+4(€ a poy ae 


Referred to a, y, 2 as,origin, the coordinates of the point 7+&, y+, 
z+ become &, 7, €, and the equation of the equipotential V=C becomes 
Vv OV 
C-—-K=4 Gaia ip 


In the neighbourhood of the point of equilibrium, the values of &, 7, € are 

small, so that in general the terms containing powers of &, 7, € higher than 

squares may be neglected, and the equation of the equipotential V=0 

becomes hr oe 
ga + Ene, +. =2(0-T. 

In particular the equipotential V= % becomes identical, in the neighbourhood 

of the point of equilibrium, with the cone 


2 
é aya + 2in a +. =O. 


Let this cone, referred to its principal axes, become 
AE + by’? + C62 =O ....screcrseevrscescsceees (26), 
then, since the sum of the coefficients of the squares of the variables is an 
invariant 
Se ea bon 2l 27 27) 
a+ Tia a FT alle aa 
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Now a+b+c=0 is the condition that the cone shall have three per- 
pendicular generators. Hence we ‘see that at the point at which an 
equipotential cuts itself, we can always find three perpendicular tangents to 
the equipotential. Moreover we can find these perpendicular tangents in an 
infinite number of ways. 


In the particular case in which the cone is one of revolution (¢.g., if the 
whole field is symmetrical about an axis, as in figures 16 and 20), the 
equation of the cone must become 


Bea a 20 
where the axis of ¢’ is the axis of symmetry. The section of the equipotential 
made by any plane through the axis, say that of €’¢’, must now become 


£” fag! 2¢2 =(0 
in the neighbourhood of the point of equilibrium, and this shews that the 


tangents to the equipotentials each make a constant angle tan 4/2 (= 54° 44’) 
with the axis of symmetry. 


In the more general cases in which there is not symmetry about an axis, 
the two branches of the surface will in general intersect in a line, and the 
cone reduces to two planes, the equation being 


af? + bn? =0, 
where the axis of ¢’ is the line of intersection. We now have a+b=0, so 
that the tangent planes to the equipotential intersect at right angles. 


An analogous theorem can be proved when n sheets of an equipotential 
intersect at a point. The theorem states that the n sheets make equal 
angles 7/n with one another. (Rankin’s Theorem, see Maxwell’s Electricity 
and Magnetism, § 115, or Thomson and Tait’s Natural Philosophy, § 780.) 


70. A conductor is always an equipotential, and can be constructed so as 
to cut itself at any angle we please. It will be seen that the foregoing 
theorems can fail either through the a, 6 and ¢ of equation (24) all vanishing, 
or through their all becoming infinite. In the former case the potential near 
a point at which the conductor cuts itself, is of the form (cf. equation (25)), 


by eV oV 
Vin g=Kte (eso+ 38? accu oy 
so that the components of intensity are of the forms 


eV ov 
—=4/ £2 
0 2 (E On? Delon, -) 
"SCA ous ov 
= 455 (© ge + 2g, +) 


The intensity near the point of equilibrium is therefore a small quantity of 
the second order, and since by Coulomb’s Law R = 4a, it follows that the 
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surface density is zero along the line of intersection, and is proportional to 
the square of the distance from the line of intersection at adjacent points. 


If, however, a, 6 and c are all infinite, we have the electric intensity also 
infinite, and therefore the surface density is infinite along the line of inter- 
section. se 


It is clear that the surface density will vanish when the conducting 
surface cuts itself in such a way that the angle less than two right angles 
is external to the conductor; and that the surface density will become 
infinite when the angle greater than two right angles is external to the 
conductor. This becomes obvious on examining the arrangement of the 
lines of force in the neighbourhood of the angle. 


| | 


Fie. 24. Angle greater than two right angles external to conductor. 


Fie. 25. Angle less than two right angles external to conductor. 


71. The arrangement shewn in fig. 25 is such as will be found at the 
point of a lightning conductor. The object of the lightning conductor is 
to ensure that the intensity shall be greater at its point than on any part 
of the buildings it is designed to protect. The discharge will therefore take 
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place from the point of the lightning conductor sooner than from any part of 
the building, and by putting the conductor in good electrical communication 
with the earth, it is possible to ensure that no harm shall be done to the 
main buildings by the electrical discharge. , 


An application of the same principle will explain the danger to a human 
being or animal of standing in the open air in the presence of a thunder cloud, 
or of standing under an isolated tree. The upward point, whether the head 
of man or animal, or the summit of the tree, tends to collect the lines of force 
which pass from the cloud to the ground, so that a discharge of electricity 
will take place from the head or tree rather than from the ground. 


72. The property of lines of force of clustering together in this way is 
utilised also in the manufacture of electrical instruments. <A cage of wire is 


Se 


Fie. 27. = 


placed round the instrument and almost all the lines of force from any 
charges which there may be outside the instrument will cluster together on 
the convex surfaces of the wire. Very few lines of force escape through this 
cage, so that the instrument inside the cage is hardly affected at all by any 
electric phenomena which may take place outside it. Fig. 27 shews the 
way in which lines of force are absorbed by a wire grating. It is drawn to 
represent the lines of force of a uniform field meeting a plane grating placed 
at right angles to the field of force. 
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The protection of a wire cage is not adequate for the most sensitive in- 
struments, and it is usual to enclose them entirely in a metal case, except 
only for one small window through which readings can be taken. When this 
arrangement is adopted, no lines of force at all can pass from external charges 
to the instrument inside the-metal case except for an infinitesimal number 
passing through the window. Lines of force which encounter the case termi- 
nate on it without in any way affecting the electric field inside, and the in- 


strument is almost perfectly screened from any external electric field. (Cf. § 114 
below.) 


EXAMPLES. 


1. Two particles each of mass m and charged with e units of electricity of the same 
sign are suspended by strings each of length a from the same point; prove that the 
inclination @ of each string to the vertical is given by the equation 


4mga? sin? 6 =e? cos 6. 
2. Charges +4e, —e are placed at the points A, B, and Cis the point of equilibrium. 


Prove that the line of force which passes through C meets AB at an angle of 60° at 4 and 
at right angles at C. 


3. Find the angle at A (question 2) between AB and the line of force which leaves B 
at right angles to AB. 


4. Two positive charges e and e, are placed at the points A and B respectively. 
Shew that the tangent at infinity to the line of force which starts from e; making an angle 
a with BA produced, makes an angle ; 


+ 4 ey + a 
2 sin (A / ates sin ‘) 


with BA, and passes through the point C in AB such that 
AC : CB=e, : e;. 


5. Point charges +e, —e are placed at the points A, B. The line of force which leaves 
A making an angle a with AB meets the plane which bisects 42 at right angles, in P. 
Shew that 
PAB 
7° 


sin5=\/2 sin 


6. If any closed surface be drawn not enclosing a charged body or any part of one, 
shew that at every point of a certain closed line on the surface it intersects the equi- 


potential surface through the point at right angles, 


7. The potential is given at four points near each other and not all in one plane. 
Obtain an approximate construction for the direction of the field in their neighbourhood. 
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8. The potentials at the four corners of a small tetrahedron A, B, C, D are Vi, Vo, 
V3, V4 respectively. G is the centre of gravity of masses Jf, at A, I, at B, 3 at C, 
M,at D. Shew that the potential at @ is 

MV, + M2 V2+ Mg V+ UV 
M, + 1,+ 3+ i 7 


9. Charges 3e, —e, —e are placed at A, B, C respectively, where B is the middle 
point of AC. Draw a rough diagram of the lines of force; shew that a line of force which 
starts from A making an angle a with 4B>cos~!(—4) will not reach B or C, and shew 
that the asymptote of the line of force for which a=cos~1 (— ) is at right angles to AC. 


10. If there are three electrified points A, B, C in a straight line, such that AC=/, 
2 — . 

BC =e and the charges are e, - and Va respectively, shew that there is always a 
spherical equipotential surface, and discuss the position of the points of equilibrium on 
the line ABC when V=e as: and when V=e Jar 

11. A and Care spherical conductors with charges e+e’ and —e respectively. Shew 
that there is either a point or a line of equilibrium, depending on the relative size and 
positions of the spheres, and on e’/e. Draw a diagram for each case giving the lines of 
force and the sections of the equipotentials by a plane through the centres. 


12. An electrified body is placed in the vicinity ofa conductor in the form of a 
surface of anticlastic curvature. Shew that at that point of any line of force passing from 
the body to the conductor, at which the force is a minimum, the principal curvatures of 
the equipotential surface are equal and opposite. 


13. Shew that it is not possible for every family of non-intersecting surfaces in free 
space to be a family of equipotentials, and that the condition that the family of surfaces 


FA; % Y, 2)=0 
shall be capable of being equipotentials is that 
Or OA OA 


dat t ya t ae 
On\? OA\2 OA\2 
Ge) +@) +@) 


14, In the last question, if the condition is satisfied find the potential. 


shall be a function of X only. 


15. Shew that the confocal ellipsoids 
e yp 2 
EXT BENT AEA 


can form a system of equipotentials, and express the potential as a function of ). 


1 


16. If two charged concentric shells bé’ connected by a wire, the inner one is wholly 
; il 
discharged, If the law of force were stp? Prove that there would be a charge B on the 


inner shell such that if A were the charge on the outer shell, and J, g the sum and differ- 
ence of the radii, 


; 29B= — Ap {(f—-g) log (f+-g) — flog f+g log g} 
approximately, 
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17. Three infinite parallel wires cut a plane perpendicular to them in the angular 
points A, B, C of an equilateral triangle, and have charges e, e, —e’ per unit length 
respectively. Prove that the extreme lines of force which pass from A to C make at 


starting angles ei m and ate na with AQ, provided that e’>2e. 


18. <A negative point charge —e, lies between two positive point charges e, and ¢ on 
the line joining them and at distances a, 8 from them respectively. Shew that, if the 
magnitudes of the charges are given by 


3 2 
se peat ae ea and ig1<r< (248) : 
a—B. 
there is a circle at every point of which the force vanishes. Determine the general form 
of the equipotential surface on which this circle lies. 


19. Charges of electricity ¢,, —¢2, ¢3, (¢s>é1) are placed in a straight line, the 
negative charge being midway between the other two. Shew that, if 4e. lie between 


(eg? es @,3)3 and (es2 +e,8)3, the number of unit tubes of force that pass from ¢, to eg is 


a 2 
& (e1 + €2— 3) + 24.73 (est = e,?) (8 = 2Beq3 ct e38)8. 
Ww 


CHAPTER III 
CONDUCTORS AND CONDENSERS 


73. By a conductor, as previously explained, is meant any body or 
system of bodies, such that electricity can flow freely over the whole. When 
electricity is at rest on such a conductor, we have seen (§ 44) that the charge 
will reside entirely on the outer surface, and (§ 37) that the ree will 
be constant over this surface. 


A conductor may be used for the storuge of electricity, but it 2 found 
that a much more efficient arrangement is obtained by taking two or more 
conductors—generally thin plates of metal—and arranging them in a certain 
way. This arrangement for storing electricity is spoken of as a “con- 
denser.” In the present Chapter we shall discuss the theory of single 
conductors and of condensers, working out in full the theory of some of tie 
simpler cases. 


CoNDUCTORS. 


A Spherical Conductor. 


74. The simplest example of a conductor is supplied by a sphere, it 
being supposed that the sphere is so far removed from all other bodies that 
their influence may be neglected. In this case it is obvious from symmetry 
that the charge will spread itself uniformly over the surface. Thus if e is 
the charge, and a the radius, the surface density o is given by 


_ __totalcharge _s 
~ total area of surface  4ra?* 


The electric intensity at the surface being, as we have seen, equal to 
Ana, is e/a’. 


From symmetry the direction of the intensity at any point outside the 
sphere must be in a direction passing through the centre. To find the 
amount of this intensity at a distance r from the centre, let us draw a sphere 
of radius r, concentric with the conductor. At every point of this sphere 
the amount of the outward electric intensity is by symmetry the same, say R, 
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and its direction as we have seen is normal to the surface. Applying Gauss’ 

Theorem to this sphere, we find that the surface integral of normal intensity 

i i NdS becomes simply R multiplied by the area of the surface 4:rr?, so that 
yo? 4AnrR = 4rre, 


é 
ats 


or R= 


> 


This becomes e/a? at the surface, agreeing with the value previously 
obtained. 


Thus the electric force at any point is the same as if the charged sphere 
were replaced by a point charge e, at the centre of the sphere. And, just 
as in the case of a single point charge e, the potential at a point outside the 
sphere, distant r from its centre, is 


V= | bee 
Bee, mere 
so that at the surface of the sphere the potential is . 


Inside the sphere, as has been proved in § 37, the potential is constant, 
and therefore equal to e/a, its value at the surface, while the electric intensity 
vanishes. 


As we gradually charge up the conductor, it appears that the potential 
at the surface is always proportional to the charge of the conductor. 


It is customary to speak of the potential at the surface of a conductor as 
“the potential of the conductor,” and the ratio of the charge to this potential 
is defined to be the “capacity” of the conductor. From a general theorem, 
which we shall soon arrive at, it will be seen that the ratio of charge to 
potential remains the same throughout the process of charging any conductor 
or condenser, so that in every case the capacity depends only on the shape 
and size of the conductor or condenser in question. For a sphere, as we 
have seen, 


capacity = - ohare 


e 
i a 
potential é Y 


a 


so that the capacity of a sphere is equal to its radius. 


A Cylindrical Conductor. 


75. Let us next consider the distribution of electricity on a circular 
cylinder, the cylinder either extending to infinity, or else having its ends so 
far away from the parts under consideration that their influence may be 
neglected. 


As in the case of the sphere, the charge distributes itself symmetrically, 
5—2 
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so that if a is the radius of the cylinder, and if it has a charge e per unit 


length, we have 
e 


27a” 

To find the intensity at any point outside the conductor, construct a Gauss’ 
surface by first drawing a cylinder of radius 7, coaxal with the original 
cylinder, and then cutting off a unit length by two parallel planes at 
unit distance apart, perpendicular to the axis. From sym- 
metry the force at every point is perpendicular to the axis 
of the cylinder, so that the normal. intensity vanishes at 
every point of the plane ends of this Gauss’ surface. The 
surface integral of normal intensity will therefore consist 
entirely of the contributions from the curved part of the 
surface, and this curved part consists of a circular band, of 
unit width and radius r—hence of area 27r, If # is the 
outward intensity at every point of this curved surface, 

Gauss’ Theorem supplies the relation 


2rrh = Are, 
so that Re - ' Fie, 28, 


This, we notice, is independent of a, so that the intensity is the same as 
it would be if a were very small, z.¢., as if we had a fine wire electrified with 
a charge e per unit length. 


In the foregoing, we must suppose 7 to be so small, that at a distance r 
from the cylinder the influence of the ends is still negligible in comparison 
with that of the nearer parts of the cylinder, so that the investigation does 
not hold for large values of r. It follows that we cannot find the potential 
by integrating the intensity from infinity, as has been done in the cases of 
the point charge and of the sphere. We have, however, the general 
differential equation — 


oV 
Froabiaia a) 
so that in the present case, so long as r remains sufficiently small 
CY tag he 
Ora a nites 
giving upon integration 
V=C—2elogr, 


The constant of integration C cannot be determined without a knowledge 
of the conditions at the ends of the cylinder. Thus for a long cylinder, the 
intensity at points near the cylinder is independent of the conditions at the 
ends, but the potential and capacity depend on these conditions, and are 
therefore not investigated here, 
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An Infinite Plane. 


76. Suppose we have-a-plane extending to infinity in all directions, and 
electrified with a charge o per unit area. From symmetry it is obvious that 
the lines of force will be perpendicular to the plane at every point, so that 
the tubes of force will be of uniform cross-section. Let us take as Gauss’ 
surface the tube of force which has as cross-section any element of area 
of the charged plane, this tube being closed by two cross-sections each of 
area w at distance r from the plane. If & is the intensity over either of 
these cross-sections the contribution of each cross-section to Gauss’ integral 
is Rw, so that Gauss’ Theorem gives at once 


2Rw = 4rca, 
whence R = 270. 
The intensity is therefore the same at all distances from the plane, 


The result that at the surface of the plane the intensity is 270, may at 
first seem to be in opposition to Coulomb’s Theorem (§ 57) which states that 
the intensity at the surface of a conductor is 4c. It will, however, be seen 
- from the proof of this theorem, that it deals only with conductors in 
_ which the conducting matter is of finite thickness; if we wish to regard 
the electrified plane as a conductor of this kind we must regard the 
total electrification as being divided between the two faces, the surface 
density being 4o¢ on each, and Coulomb’s Theorem then gives the correct 
result. 


If the plane is not actually infinite, the result obtained for an infinite 
plane will hold within a region which is sufficiently near to the plane for the 
edges to have no influence. As in the former case of the cylinder, we can 
obtain the potential within this region by integration. If r measures the 
perpendicular distance from the plane 


= Hie R= 20, 
Or 
so that V=C —- 2ror, 


and, as before, the constant of integration cannot be determined without 
a knowledge of the conditions at the edges. 


77. It is instructive to compare the three expressions which have been 
obtained for the electric intensity at points outside a charged sphere, cylinder 
and plane respectively. Taking r to be the distance from the centre of the 
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sphere, from the axis of the cylinder, and from the plane, respectively, we 
have found that 


; 1 
outside the sphere, J is proportional to a 


: : : i 
outside the cylinder, & is proportional to Eas 


outside the plane, 4 is constant. 


From the point of view of tubes of force, these results are obvious enough 
deductions from the theorem that the intensity varies inversely as the cross- 
section of a tube of force. The lines of force from a sphere meet in a point, 
the centre of the sphere, so that the tubes of force are cones, with cross- 
section proportional to the square of the distance from the vertex. The 
lines of force from a cylinder all meet a line, the axis of the cylinder, at right 
angles, so that the tubes of force are wedges, with cross-section proportional 
to the distance from the edge. And the lines of force from a plane all meet 
the plane at-right angles, so that the tubes of force are prisms, of which the 
cross-section is constant. 


78. We may also examine the results from the point of view which 
regards the electric intensity as the resultant of the attractions or repulsions 
from different elements of the charged surface. 


Let us first consider the charged plane. Let P, P’ be two points at 
distances r, 7’ from the plane, and let Q be the 
foot of the perpendicular from either on to the 
plane. If P is near to Q, it will be seen that 
almost the whole of the intensity at P is due 
to the charges in the immediate neighbourhood 
of Q. The more distant parts contribute forces 
which make angles with QP nearly equal to a 
right angle, and after being-resolved along QP 
these forces hardly contribute anything to the 
resultant intensity at P. 


Owing to the greater distance of the point P’, 
the forces from given elements of the plane are 
smaller at P’ than at P, but have to be resolved 
through a smaller angle. The forces from the 
regions near @ are greatly diminished from the 
former cause and are hardly affected by the latter. 
The forces from remote regions are hardly affected 
by the former circumstance, but their effect is 
greatly increased by the latter. Thus on moving Fic. 29. 
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from P to P’ the forces exerted by regions near Q decrease in efficiency, 
while those exerted by more remote regions gain. The result that the 
total resultant intensity is the same at P’ as at P, shews that the 
decrease of the one just balances the gain of the other. 


If we replace the infinité plane by a sphere, we find that the force at 
a near point P is as before contributed Z 
almost entirely by the charges in the 
neighbourhood of Q. On moving from P 
to P’, these forces are diminished just as 
before, but the number of distant elements 
of area which now add contributions to 
the intensity at P’ is much less than 
before. Thus the gain in the contributions Fra. 30. 
from these elements does not suffice to 
balance the diminution in the contributions from the regions near Q, so that 
the resultant intensity falls off on withdrawing from P to P’ 


The case of a cylinder is of course intermediate between that of a plane 
and that of a sphere. 


CONDENSERS. 


Spherical Condenser. 


79. Suppose that we enclose the spherical conductor of radius a dis- 
cussed in § 74, inside a second spherical conductor of internal radius 6, the 
two conductors being placed so as to be concentric and insulated from one 
another. 


It again appears from symmetry that the intensity at every point must 
be in a direction passing through the common centre of the two spheres, and 
must be the same in amount at every point of any sphere concentric with 
the two conducting spheres. Let us imagine a concentric sphere of radius r 
drawn between the two conductors, and when the charge on the inner sphere 
is e, let the intensity at every point of the imaginary sphere of radius r be 
R. Then, as before, Gauss’ Theorem, applied to the sphere of radius r, gives 
the relation 


4rr7R = 47re, 
: e 
so that h= pon 


This only holds for values of r intermediate between a and 6, so that to 
obtain the potential we cannot integrate from infinity, but must use the 
differential equation. This is 
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which upon integration gives 


We can determine the constant of integration as soon as we know the 
potential of either of the spheres. Suppose for instance that the outer 
sphere is put to earth so that V=0 over the sphere r= 6, then we obtain at 
once from equation (27) 


é 
0 — C + b > 
so that C = — e/b, and equation (27) becomes 
eve 
V= = — b e 
; : : : : gras 
On taking r =a, we find that the potential of the inner sphere is e (= _ 5) ; 
and its charge is e, so that the capacity of the condenser is 
1 . ab 
Taplsee es bees 
a 6b 


80. In the more general case in which the outer sphere is not put to 
earth, let us suppose that V,, VY are the potentials of the two spheres of 
radii a and b, so that, from equation (27) 


/ 


H=O+", 
a 
(4 

W=C+;. 


Then we have on subtraction 


(e-%) =e(2 7), 
é 


i- Ve 


so that the capacity is 


The lines of force which start from the inner sphere must all end on the 
inner surface of the outer sphere, and each line of force has equal and 
opposite charges at its two ends. Thus if the charge on the inner sphere is 
é, that on the inner surface of the outer sphere must be —e. We can there- 
fore regard the capacity of the condenser as being the charge on either of 
the two spheres divided by the difference of potential, the fraction being 
taken always positive. On this view, however, we leave out of account any 
charge which there may be on the outer surface of the outer sphere: this 
is not regarded as part of the charge of the condenser. 


———————— 
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An examination of the expression for the capacity, 


ab 
b-a’ 
will shew that it can be made as large as we please by making b—a 
sufficiently small. This “explains why a condenser is so much more 
efficient for the storage of electricity than a single conductor. 


81. By taking more than two spheres we can form more complicated 
condensers. Suppose, for instance, we take concentric spheres of radii 
a, b, c in ascending order of magnitude, and connect both the spheres of 
radii a and c to earth, that of radius b remaining insulated. Let V be the 
potential of the middle sphere, and let e¢, and e, be the total charges on its 
inner and outer surfaces. Regarding the inner surface of the middle sphere - 
and the surface of the innermost sphere as forming a single spherical 
condenser, we have 


Vab 


e. =>~— 
1 16a” 


and again regarding the outer surface of the middle sphere and the outermost 
sphere as forming a second spherical condenser, we have 


_ Vobe 
aieneg 
‘Hence the total charge H of the middle sheet is given by 
oo H=e+ 
. ( ab . be ) 
~~ \b-a~ c—b/’ 


so that regarded as a single condenser, the system of three spheres has a 
capacity 
ab be 
blab 
which is equal to the sum of the capacities of the two constituent condensers 
’ into which we have resolved the system. ‘This is a special case of a general 
theorem to be given later (§ 85). 


Coaxal Cylinders. 


82. A conducting circular cylinder of radius a surrounded by a second 
coaxal cylinder of internal radius 6 will form a condenser. If ¢ is the charge 
on the inner cylinder per unit length, and if V is the potential at any point 
between the two cylinders at a distance r from their common axis, we have, 
as in § 75, 

V=C- 2¢ log r, 
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and it is now possible to determine the constant C as soon as the potential of 
either cylinder is known. 5 
Let V%, V% be the potentials of the inner and outer cylinders, so that 
Va = C — 2e log a, 
Y= CO — 2e log b. 
By subtraction Vi — Vi, = 2e log (7) ; 
i 


2 log (-) 


Parallel Plate Condenser. 


so that the capacity is 


per unit length. 


83. This condenser consists of two parallel plates facing one another, 
say at distance d apart. Lines of force will pass from the inner face of one 
to the inner face of the other, and in regions sufficiently far removed from 
the edges of the plate these lines of force will be perpendicular to the plate 
throughout their length. Ifo is the surface density of electrification of one 
plate, that of the other will be —o. Since the cross-section of a tube 
remains the same throughout its length, and since the electric intensity 
varies as the cross-section, it follows that the intensity must be the same 
throughout the whole length of a tube, and this, by Coulomb’s Theorem, 
will be 4:ra, its value at the surface of either plate. Hence the difference of 
potential between the two plates, obtained by integrating the intensity 470 


along a line of force, will be 
4mod. 


The capacity per unit area is equal to the charge per unit area o 
divided by this difference of potential, and is therefore 


a 
4nd” 
The capacity of a condenser formed of two parallel plates, each of area A, 
is therefore 
so 
4rd’ 
except for a correction required by the irregularities in the lines of force 
near the edges of the plates. 


Inductive Capacity. 


84. It was found by Cavendish, and afterwards independently by 
Faraday, that the capacity of a condenser depends not only on the shape 
and size of the conducting plates but also on the nature of the insulating 
material, or dielectric to use Faraday’s word, by which they are separated. 
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It is further found that on replacing air by some other dielectric, the 
capacity of a condenser is altered in a ratio which is independent of the 
shape and size of the condenser, and which depends only on the dielectric 
itself. This constant ratio is called the specific inductive capacity of the 
dielectric, the inductive capacity of air being taken to be unity. 


We shall discuss the theory of dielectrics in a later Chapter. At present 
it will be enough to know that if C is the capacity of a condenser when its 
plates are separated by air, then its capacity, when the plates are separated 
by any dielectric, will be KC, where K is the inductive capacity of the 
particular dielectric used. The capacities calculated in this Chapter have all 
been calculated on the supposition that there is air between the plates, so 
that when the dielectric is different from air each capacity must be multi- 


plied by K. 


The following table will give some idea of the values of K actually observed for 
different dielectrics. For a great many substances the value of £ is found to vary widely 
for different specimens of the material and for different physical conditions. 


Sulphur 2°8 to 4:0. Ethyl Alcohol 26°5 
Mica 6:0 to 8:0. Water at 17°C. 80:0 
Glass 6°6 to 9°9. Ice at —7°5° C. 70°8 
Paraffin 2:0 to 2:3. Ice at —200° C. 243 


The values of A for some gases are given on p. 132. 


CoMPOUND CONDENSERS. 


Condensers in Parallel. 


85. Let us suppose that we take any number of condensers of capacities 
C,, O,,... and connect all their high potential plates together by a conducting 


Fie. 31. 
wire, and all their low potential plates together in the same way. This is 
known as connecting the condensers in parallel. 
The high potential plates have now all the same potential, say V,, while 


the low potential plates have all the same potential, say V,. If @, é,... are 
the charges on the separate high potential plates, we have 


(Al Cy (Vi ai Vi), 
e, = C,(V,— V>), ete., 
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and the total charge # is given by 
Eee eee, 
=(0,+0,+...)(Vi— Vo). 
Thus the system of condensers behaves like a single condenser of capacity 


CO,+C0,+0,+.... 


It will be noticed that the compound condenser discussed in § 81 con- 
sisted virtually of two simple spherical condensers connected in parallel. 


Condensers in Cascade. 


86. We might, however, connect the low potential plate of the first to 


the high potential plate of the second, the low potential plate of the second © 


to the high potential plate of the third, and so on. This is known as 
arranging the condensers im cascade. 


emi aver: 


Suppose that the high potential plate of the first has a charge e, This 
induces a charge —e on the low potential plate, and since this plate together 
with the high potential plate of the second condenser now form a single 
insulated conductor, there must be.a charge +e on the high potential plate 
of the second condenser. This induces a charge —e on the low potential 
plate of this condenser, and so on indefinitely ; each high potential plate will 
have a charge +e, each low potential plate a charge — e. 


Thus the difference of potential of the two plates of the first condenser 
will be e/C,, that of the second condenser will be e/C,, and so on, so that the 
total fall of potential from the high potential plate of the first to the low 
potential plate of the last will be 


Gea: ): 


We see that the arrangement acts like a single condenser of capacity 
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PRACTICAL CONDENSERS, 


Practical Units. 


87. As will be explained more fully later, the practical units of 
electricians are entirely different from the theoretical units in which we 
have so far supposed measurements to be made. The practical unit of 
capacity is called the farad, and is equal, very approximately, to 9 x 10" times 
_ the theoretical c.c.s. electrostatic unit, ie, is equal to the actual capacity 
of a sphere of radius 9x10" cms. This unit is too large for most purposes, 
so that it is convenient to introduce a subsidiary unit—the microfarad— 
equal to a millionth of the farad, and therefore to 9 x 10° c.a.s. electrostatic 
units. Standard condensers can be obtained of which the capacity is equal 
to a given fraction, frequently one-third or one-fifth, of the microfarad. 


The Leyden Jar. 


88. For experimental purposes the commonest form of condenser is the 
Leyden Jar. This consists essentially of a glass vessel, bottle-shaped, of 
which the greater part of the surface is coated 
inside and outside with tinfoil. The two coatings 
form the two plates of the condenser, contact with 
the inner coating being established by a brass 
rod which comes through the neck of the bottle, 
the lower end having attached to it a chain 
which rests on the inner coating of tinfoil. 


To form a rough numerical estimate of the 
capacity of a Leyden Jar, let us suppose that the 
thickness of the glass is 4cm., that its specific 
inductive capacity is 7, and that the area covered 
with tinfoil is 400 sq. cms. Neglecting corrections required by the irregu- 
larities in the lines of force at the edges and at the sharp angles at the 
bottom of the jar, and regarding the whole system as a single parallel plate 
- condenser, we obtain as an approximate value for the capacity 


KA electrostatic units, 
Aad 


in which we must put K=7, 4 =400 and d=}. On substituting these 
values the capacity is found to be approximately 450 electrostatic units, 


or about zy57 microfarad. 
Parallel Plates. 


89. A more convenient condenser for some purposes is a modification of 
the parallel plate condenser. Let us suppose that we arrange 1 plates, each 
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of area A, parallel to one another, the distance between any two adjacent 
plates being d. If alternate plates are joined together so as to be in electrical 
contact the space between each adjacent pair of plates may be regarded as 


LITT 


Fic. 34. 


forming a single parallel plate condenser of capacity ao so that the capacity 
of the compound condenser is (n—1) KA/4ad. By making n large and d 
small, we can make this capacity large without causing the apparatus to 
occupy an unduly large amount of space. For this reason standard con- 


densers are usually made of this pattern. 


90. Guard Ring. In both the condensers described the capacity can 
only be calculated approximately. Lord Kelvin has devised a modification 
of the parallel plate condenser in which the error caused by the irregularities 
of the lines of force near the edges is dispensed with, so that it is possible 
accurately to calculate the capacity from measurements of the plates. 


Fie. 35. 


The principle consists in making one plate B of the condenser larger than 
the second plate A, the remainder of the space opposite B being occupied by 
a “guard ring” C which fits A so closely as almost to touch, and is in the 
same plane with it. The guard ring C and the plate A, if at the same’ 
potential, may without serious error be regarded as forming a single plate of 
a parallel plate condenser of which the other plate is B. The irregularities 
in the tubes of force now occur at the outer edge of the guard ring (, while 
the lines of force from A to B are perfectly straight and uniform. Thus if A 
is the area of the plate A its capacity may be supposed, with great accuracy, 
to be 

A 
a 
where d is the distance between the plates A and B. 
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Submarine Cables. 


91. Unfortunately for practical electricians, a submarine cable forms 
a condenser, of which the capacity is frequently very considerable. The 
effect of this upon the transmission of signals will be discussed later. A cable 
consists generally of a core of strands of copper wire surrounded by a layer of 
insulating material, the whole being enclosed in a sheathing of iron wire. 
This arrangement acts as a condenser of the type of the coaxal cylinders 
investigated in § 82, the core forming the inner cylinder whilst the iron 
sheathing and the sea outside form the outer cylinder. 


In the capacity formula obtained in § 82, namely 


K 


fa La 
i) 


let us suppose that b = 2a, and that K = 3:2, this being about the value for 
the insulating material generally used. Using the value log, 2 =-69315, we 
find a capacity of 2°31 electrostatic units per unit length. Thus a cable 
2000 miles in length has a capacity equal to that of a sphere of radius 
2000 x 2°31 miles, i.e. of a sphere greater than the earth. In practical units, 
the capacity of such a cable would be about 827 microfarads. 


MECHANICAL FORCE ON A CONDUCTING SURFACE. 


92. Let Q be any point on the surface of a conductor, and let the 
surface-density at the point Q be o. Let us draw any small area dS 


Fic. 36. 


enclosing Q. By taking dS sufficiently small, we may regard the area as 
perfectly plane, and the charge on the area will be odS. The electricity on 
the remainder of the conductor will exert forces of attraction or repulsion on 
the charge odS, and these forces will shew themselves as a mechanical force 
acting on the element of area dS of the conductor. We require to find the 
amount of this mechanical force. 
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The electric intensity at a point near Q and just outside the conductor is 
4erc, by Coulomb’s Law, and its direction is normally away from the surface. 
Of this intensity, part arises from the charge on d/8 itself, and part from the 
charges on the remainder of the conductor. As regards the first part, which 
arises from the charge on dS itself, we may notice that when we are con- 
sidering a point sufficiently close to the surface, the element dS may be 
treated as an infinite electrified plane, the electrification being of uniform 
density ¢. The intensity arising from the electrification of dS at such a 
point is accordingly an intensity 27a normally away from the surface. Since 
the total intensity is 4770 normally away from the surface, it follows that the 
intensity arising from the electrification of the parts of the conductor other 
than dS must also be 2ao normally away from the surface. It is the forces 
composing this intensity which produce the mechanical action on dS. 
The charge on dS being ods, the total force will be 27ro?dS normally away 
from the surface. Thus per unit area there is a force 27ro? tending to repel 
the charge normally away from the surface. The charge is prevented from 
leaving the surface of the conductor by the action between electricity and 
matter which has already been explained. Action and reaction being equal 
and opposite, it follows that there is a mechanical force 2c? per unit area 
acting normally outwards on the material surface of the conductor. 


Remembering that R = 4c, we find that the mechanical force can also 


Dif ; 
be expressed as 3, ber unit area. 
T 


93. Let us try to form some estimate of the magnitude of this mechanical 

. force as compared with other mechanical forces.with which we are more 
_ familiar. We have already mentioned Maxwell’s estimate that a gramme of 
gold, beaten into a gold-leaf one square metre in area, can hold a charge of 
60,000 electrostatic units. This gives 3 units per square centimetre as the 
charge on each face, giving for the intensity at the surface, 


R = 4re = 88 6.G.8. units, 


and for the mechanical force 
R? 
270? = 87 = 6 dynes per sq. cm. 


Lord Kelvin, however, found that air was capable of sustaining a 
tension of 9600 grains wt. per sq. foot, or about 700 dynes per sq. cm. 
This gives R= 130, c=10. 


Taking R=100 as a large value of R, we find = = 400 dynes per 
' T 
sq. cm. The pressure of a normal atmosphere is 


1,018,570 dynes per sq. cm., 
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so that the force on the conducting surface would be only about 3-45 of an 
atmosphere: say ‘3 mm. of mercury. 


If a gold-leaf is beaten so thin that 1 gm. occupies 1 sq. metre of area, 
the weight of this is ‘0981 dyne per sq: cm. In order that 27? may be 
equal to 0981, we must have co ='1249. Thus a small piece of gold-leaf 
would be lifted up from a charged surface on which it rested as soon-as the 
surface acquired a charge of about 4 of a unit per sq. cm. 


Electrified Soap-Bubble. 


94. As has already been said, this mechanical force shews itself well on 
electrifying a soap-bubble. 


Let us first suppose a closed soap-bubble blown, of radius a. If the 
atmospheric pressure is II, the pressure inside will be somewhat greater than 
II, the resulting outward force being just balanced by the tension of the 
surface of the bubble. If, however, the bubble is electrified there will be an 
additional force acting normally outwards on the surface of the bubble, namely 
the force of amount 27o* per unit area just investigated, and the bubble will 
expand until equilibrium is reached between this and the other forces acting 
on the surface. 


As the electrification and consequently the radius change, the pressure 
inside will vary inversely as the volume, and therefore inversely as a*. Let 


= 


Fre. 87. 


us, then, suppose the pressure to be «/a*. Consider the equilibrium of the 
small element of surface cut off by a circular cone through the centre, of small 
semi-vertical angle 6. This element is a circle of radius a@, and therefore 
of area 7a?@, The forces acting are: 


(i) The atmospheric pressure II7ra*6* normally inwards, 
(ii) The internal pressure me 7a’6? normally outwards. 


J. 
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(ii) The mechanical force due to electrification, 270? x 7a?@? normally 
outwards. 

(iv) The system of tensions acting in the surface of the bubble across 
the boundary of the element. 


If T is the tension per unit length, the tension across any element of 
length ds of the small circle will be 7'ds acting at an angle 0 with the tangent 
plane at P, the centre of the circle. This may be resolved into T7'ds cos @ in 
the tangent plane, and 7dssin@ along PO. Combining the forces all round 
the small circle of circumference 27a@, we find that the components in the 
tangent plane destroy one another, while those along PO combine into a 
resultant 2cra@ x T'sin@. To a sufficient approximation this may be written 
as 2ra@?T’. 


The equation of equilibrium of the element of area is accordingly 


Irae? — = Trae? — 2ro*7ra?G? + 2raG?T = 0, 


or, simplifying, Wi ei ama i! ona aceon (28). 


Let a, be the radius when the bubble is uncharged, and let the radius be 
a, when the bubble has a charge e, so that 


LR 

Then IT -— =. + zi =i); 
Gos te 

K e pd be 


a Bra a 
We can without serious error assume 7’ to be the same in the two cases. 
If we eliminate 7’ from these two equations, we obtain 


H (4 =a) -«(5-5)= 


Ay” Ag 
giving the charge in terms of the radii in the charged and uncharged states. 


e 
Sra,’ 


95. We have seen (§ 93) that the maximum pressure on the surface 
which electrification can produce is only about 3-55 atmosphere: thus it is 
not possible for electrification to change the pressure inside by more than 
about 55 atmosphere, so that the increase in the size of the bubble is 
necessarily very slight. 


If, however, the bubble is blown on a tube which is open to the air, 
equation (28) becomes 


yang 
a 
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As a rough approximation, we may still regard the bubble as a uniformly : 
charged sphere, so that if V is its potential, 


o = V/4cra, 
and the relation is _ V?=16raT, 


giving V in terms of the radius of the bubble, if the tension 7 is known. In 
this case the electrification can be made to produce a large change in the 
radius, by using films for which 7 is very small. 


Energy of Discharge. 


96. On discharging a conductor or condenser, a certain amount of 
energy is set free. This may shew itself in various ways, e.g. as a spark or 
sound (as in lightning and thunder), the heating of a wire, or the piercing 
of a hole through a solid dielectric. The energy thus liberated has been 
previously stored up in charging the conductor or condenser. 


To calculate the amount of this energy, let us suppose that one plate of 
a condenser is to earth, and that the other plate has a charge e and is at 
potential V, so that if C is the capacity of the condenser, 


PMS Ge You Pens ote te idle bas (29)... 


If we bring up an additional charge de from infinity, the work to be 
done is, in accordance with the definition of potential, Vde. ° This is equal 
to dW, where W denotes the total work done in charging the condenser up 
to this stage, so that 

dW = Vde 


ae by equation (29). 


On integration we obtain 


no constant of integration being added since W must vanish when e=0. 
This expression gives the work done in charging a condenser, and therefore 
gives also the energy of discharge, which may be used in creating a spark, 
in heating a wire, etc. 

Clearly an exactly similar investigation will apply to a single conductor, 
so that expression (30) gives the energy either of a condenser or of a single 
conductor. Using the relation e=CV, the energy may be expressed in any 
one of the forms 


W=}5=4eV=407" bay 8 Pa Ot ok (31). 


97. As an example of the use of this formula, let us suppose that we 
have a parallel plate condenser, the area of each plate being A, and the 
6—2 
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distance of the plates being d, so that C= A/4md, by § 83. Let o be the 
surface density of the high potential plate, so that e=aA. Let the low 
potential plate be at zero potential, then the potential of the high potential 
plate is 


and the electrical energy is 
W = teV = 2rdo7A. 

Now let us pull the plates apart, so that d is increased to d’. The 
electrical energy is now 27d'o*A, so that there has been an increase of 
electrical energy of amount 

2Qra°A (d’ — a). 

It is easy to see that this exactly represents the work done in separating 
the two plates. The mechanical force on either plate is 270° per unit area, 
so that the total méchanical force on a plate is 207A. Obviously, then, 
the above is the work done in separating the plates through a distance 
d’ — d. 

It appears from this that a parallel plate condenser affords a ready means 
of obtaining electrical energy at the expense of mechanical. A more valuable 
property of such a condenser is that it enables us to increase an initial 
difference of potential. The initial difference of potential 


4ardo 
is increased, by the separation, to 
4a d'c. 


By taking d small and d’ large, an initial small difference of potential 
may be multiplied almost indefinitely, and a potential difference which is 
too small to observe may be increased until it is sufficiently great to affect 
an instrument. By making use of this principle, Volta first succeeded in 
detecting the difference of electrostatic potential between the two terminals 
of an electric battery. 


There are practical difficulties which restrict the application of the principle. 
For if the initial distance d is made too small the condenser may discharge itself 
by a spark passing directly between the plates, while if d’ is made large com- 
pared with the size of the plates the formulae we have used are no longer true. 


EXAMPLES. 


1. The two plates of a parallel plate condenser are each of area A, and the distance 
between them is d, this distance being small compared with the size of the plates. Find 
the attraction between them when charged to potential difference V, neglecting the 
irregularities caused by the edges of the plates, Find also the energy set free when the 
plates are connected by a wire. : 
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2. A sheet of metal of thickness ¢ is introduced between the two plates of a parallel 
plate condenser which are at a distance d apart, and is placed so as to be parallel to the 
plates. Shew that the capacity of the condenser is increased by an amount 


t 
4rd (d—t) 


per unit area. Examine the case in which ¢ is very nearly equal to d. 


3. A high-pressure main consists first of a central conductor, which is a copper tube 
of inner and outer diameters of ;% and 33 inches. The outer conductor is a second copper 
tube coaxal with the first, from which it is separated by insulating material, and of 
diameters 13 and 1}§ inches. Outside this is more insulating material, and enclosing 
the whole is an iron tube of internal diameter 2; inches. The capacity of the conductor 
is found to be °367 microfarad per mile : calculate the inductive capacity of the insulating 
material. 


4 An infinite plane is charged to surface density o, and P is a point distant half an 
inch from the plane. Shew that of the total intensity 2ro at P, half is due to the charges 
at points which are within one inch of P, and half to the charges beyond. 


5. A disc of vulcanite (non-conducting) of radius 5 inches, is charged’to a uniform 
surface density o by friction. Find the electric intensities at points on the axis of the 
disc distant respectively 1, 3, 5, 7 inches from the surface. 


6. A condenser consists of a sphere of radius a surrounded by a concentric spherical 
shell of radius 6, The inner sphere is put to earth, and the outer shell is insulated. 
b2 
b-a® 


Shew that the capacity of the condenser so formed is 


7. Four equal large conducting plates A, B, C, D are fixed parallel to one another. 
A and D are connected to earth, B has a charge /# per unit area, and C a charge HL’ per 
unit area. The distance between A and B is a, between B and Cis }, and between C and 
Disc. Find the potentials of B and C. 


8. A circular gold-leaf of radius 6 is laid on the surface of a charged conducting 
sphere of radius a, a being large compared to 6. Prove that the loss of electrical energy 
in removing the leaf from the conductor—assuming that it carries away its whole charge—. 
is approximately }52Z?/a3, where Z is the charge of the conductor, and the capacity of the 
leaf is comparable to 6. 


9. Two condensers of capacities C, and C,, and possessing initially charges Q, and Qs, 
are connected in parallel. Shew that there is a loss of energy of amount 


(C2Q1 — C1 Qe)? 
20, C2 (C1 + C2) ° 


10. Two Leyden Jars A, B have capacities C,, C, respectively. A is charged and a 
spark taken: it is then charged as before and a spark passed between the knobs of 
Aand B. A and B are then separated and are each discharged by a spark. Shew that 
the energies of the four sparks are in the ratio 


(Ci + C2)? : (CQ, + C2) Cy a C2 : CC). 


11. Assuming an adequate number of condensers of equal capacity C, shew how a 
compound condenser can be formed of equivalent capacity 6C, where @ is any rational 
number, 
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12. Three insulated concentric spherical conductors, whose radii in ascending order 
of magnitude are a, b, c, have charges ¢, 2, 3 respectively, find their potentials and shew 
that if the innermost sphere be connected to earth the potential of the outermost is 
diminished by 


13. A conducting sphere of radius @ is surrounded by two thin concentric spherical 
conducting shells of radii 6 and ¢, the intervening spaces being filled with dielectrics of 
inductive capacities K and Z respectively. If the shell 6 receives a charge H, the other 
two being uncharged, determine the loss of energy and the potential at any point when 
the spheres A and C are connected by a wire. 


14. Three thin conducting sheets are in the form of concentric spheres of radii 
a+d, a, a—c respectively. The dielectric between the outer and middle sheet is of 
inductive capacity KX, that between the middle and inner sheet is air. At first the outer 
sheet is uninsulated, the inner sheet is uncharged and insulated, the middle sheet is 
charged to potential V and insulated. The inner sheet is now uninsulated without 
connection with the middle sheet. Prove that the potential of the middle sheet falls to 

KVc(a+d) 
Ke(a+d)+d(a—c)” 


15. Two insulated conductors A and B are geometrically similar, the ratio of Bes 
linear dimensions being as Z to Z’. The conductors are placed so as to be out of each 
other’s field of induction. The potential of A is V and its charge is Z, the potential 
of B is V’ and its charge is Z’. The conductors are then connected by a thin wire. 
Prove that, after electrostatic equilibrium has been restored, the loss of electrostatic 
energy is 

3 (EL' — E'L)(V—- bh. 
L+L' 

16. If two surfaces be taken in any family of equipotentials in free space, and two 

metal conductors formed so as to occupy their positions, then the capacity of the 


. OC. ane 
condenser thus formed is G Z 7 , where Ci, C, are the capacities of the external and 
1—Ue 
internal conductors when existing alone in an infinite field. 


17. A conductor (B) with one internal cavity of radius } is kept at potential U. A 
conducting sphere (A), of radius a, at great height above B contains in a cavity water 
which leaks down a very thin wire passing without contact into the cavity of B through 
a hole in the top of B. At the end of the wire spherical drops are formed, concentric 
with the cavity ; and, when of radius d, they fall passing without contact through a small 
hole in the bottom of B, and are received in a cavity of a third conductor (C) of capacity ¢ 
at a great distance below B. Initially, before leaking commences, the conductors A and C 
are uncharged. Prove that after the rth drop has fallen the potential of C is 

at (b-—d)r a 
{eae bd — ad) i} Be 
where the disturbing effect of the wire and hole on:the capacities is neglected. 


18. An insulated spherical conductor, formed of two hemispherical shells in contact, 
whose inner and outer radii are 6 and 0’, has within it a concentric spherical conductor of 
radius a, and without it another spherical conductor of which the internal radius is ¢. 
These two conductors are earth-connected and the middle one receives a charge. Shew 
that the two shells will not separate if 


Qac>be+b'a. 
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19, Outside a spherical charged conductor there is a concentric insulated but un- 
charged conducting spherical shell, which consists of two segments. Prove that the two 
oe will not separate if the distance of the separating plane from the centre is less 

ab 
(a2+b2)3" 
where a, 6 are the internal and external radii of the shell. 


20. A soap-bubble of radius @ is formed by a film of tension 7, the external 
atmospheric pressure being I. The bubble is touched by a wire from a large conductor 
at potential V, and the film is an electrical conductor. Prove that its radius increases to 
r, given by 

Te ay eer Gt oia 
8rr 

21. If the radius and tension of a spherical soap-bubble be @ and 7’ respectively, 
shew that the charge of electricity required to expand the bubble to twice its linear 


dimensions would be 
4 ./ra? (67'+70a), 


II being the atmospheric pressure. 


22. A thin spherical conducting envelope, of tension 7’ for all magnitudes of its 
radius, and with no air inside or outside, is insulated and charged with a quantity Q of 
electricity. Prove that the total gain in mechanical energy involved in bringing a charge 
q from an infinite distance and placing it on the envelope, which both initially and finally 
is in mechanical equilibrium, is 


$(2n7)* (Q+9)8- Oh. 


23. A spherical soap-bubble is blown inside another concentric with it, and the 
former has a charge Z of electricity, the latter being originally uncharged. The latter 
now has a small charge given to it. Shew that if a and 2a were the original radii, the 
new radii will be approximately a+, 2a+y, where 


101 7H? 
127 (lla + T)=a(24tta+— T+); 


where II is the atmospheric pressure, and 7’ is the surface-tension of each bubble. 


24. Shew that the electric capacity of a conductor is less than that of any other 
conductor which can completely surround it. 


25. If the inner sphere of a concentric spherical condenser is moved slightly out of 
position, so that the two spheres are no longer concentric, shew that the capacity is 


increased, 


CHAPTER IV 


SYSTEMS OF CONDUCTORS 


98. In the present Chapter we discuss the general theory of an electro- 
static field in which there are any number of conductors. The charge on 
each conductor will of course influence the distribution of charges on the other 
conductors by induction, and the problem is to investigate the distributions 
of electricity which are to be expected after allowing for this mutual 
induction. 


We have seen that in an electrostatic field the potential cannot be a 
maximum or a minimum except at points where electric charges occur. It 
follows that the highest potential in the field must occur on a conductor, or 
else at infinity, the latter case occurring only when the potential of every 
conductor is negative. Excluding this case for the moment, there must be 
one conductor of which the potential is higher-than that anywhere else in 
the field. Since lines of force run only from higher to lower potential (§ 36), 
it follows that no lines of force can enter this conductor, there being no 
higher potential from which they can come, so that lines of force must leave 
it at every point of its surface. In other words, its electrification must be 
positive at every point. 


So also, except when the potential of every conductor is positive, there 
must be one conductor of which the potential is lower than that anywhere 
else in the field, and the electrification at every point of this conductor must 
be negative. 


If the total charge on a conductor is nil, the total strength of the tubes 
of force which enter it must be exactly equal to the total strength of the 
tubes which leave it. There must therefore be both tubes which enter and 
tubes which leave its surface, so that its potential must be intermediate 
between the highest and lowest potentials in the field. For if its potential 
were the highest in the field, no tubes could enter it, and vice versd. On 
any such conductor the regions of positive electrification are separated from 
regions of negative electrification by “lines of no electrification,” these lines 
being loci along which =0, In general the resultant intensity at any 
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point of a conductor is 4c. At any point of a line of no electrification, 
this intensity vanishes, so that every point of a “line of no electrification ” 
“is also a point of equilibrium. 


At a point of equilibrium we have already seen that the equipotential 
through the point cuts itself. A line of no electrification, however, lies 
entirely on a single equipotential, so that this equipotential must cut itself 
along the line of no electrification. Moreover, by § 69, it must cut itself at 
right angles, except when it consists of more than two sheets. 


99. We can prove the two following propositions: 


I. Jf the potential of every conductor in the field is given, there is only 
one distribution of electric charges which will produce this distribution of 
potential. 


Il. Jf the total charge of every conductor in the field is given, there ts 
only one way in which these charges can distribute themselves so as to be in 
equilibrium. 

If proposition I. is not true, let us suppose that there are two different 
distributions of electricity which will produce the required potentials. Let 
o denote the surface density at any point in the first distribution, and o’ in 
the second. Consider an imaginary distribution of electricity such that the 
surface density at any point is c—o’. The potential of this distribution 


at any point P is 
re [58 


where the integration extends over the surfaces of all the conductors, and 
y is the distance from P to the element dS. If P is a point on the surface 


of any conductor, 
[[Zas ana f[Zas 
r r 


are by hypothesis equal, each being equal to the given potential of the 
conductor on which P lies. Thus 


r= [[zas-[[Z8-0, 


so that the supposed distribution of density «—o’ is such that the potential 
vanishes over all the surfaces of the conductors. There can therefore be no 
lines of force, so that there can be no charges, #.¢., —o’ = 0 everywhere, so 
that the two distributions are the same. 

And again, if proposition II. is not true, let.us suppose that there are 
two different distributions o and o’ such that the total charge on each 
conductor has the assigned value. A distribution «—o’ now gives zero 
as the total charge on each conductor. It follows, as in § 98, that the 
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potential of every conductor must be intermediate between the highest and 
lowest potentials in the field, a conclusion which is obviously absurd, as 
it prevents every conductor from having either the highest or the lowest ° 
potential. It follows that the potentials of all the conductors must be equal, 
so that again there can be no lines of force and no charges at any point, 
1.e., =o everywhere. 

It is clear from this that the distribution of electricity in the field is fully 
specified when we know either 

(i) the total charge on each conductor, 


or (ii) the potential of each conductor. 


SUPERPOSITION OF EFFECTS. 


100. Suppose we have two equilibrium distributions: 

(i) A distribution of which the surface density is o at any point, 
giving total charges £,, £,,... on the different conductors, and potentials 
ViVi 

(ii) A distribution of surface density o’, giving total charges H’, H,’,... 
and potentials Vj’, V;’, .... 


Consider a distribution of surface density o+o’. Clearly the total 
charges on the conductors will be £,+#,’, #,+£,,..., and if Vz is the 


potential at any point P, 
as , 
Vg | | tHe dS, 


where the notation is the same as before. If P is on the first conductor, 


however, we know that 
[[fas=7, 
r 


[fear 


80 that Vp =V+¥’; and similarly when P is on any other conductor. Thus 
the imaginary distribution of surface density is an equilibrium distribution, 


since it makes the surface of each conductor an equipotential, and the 
potentials are 


K+ Ae Vth, 


The total charges, as we have seen, are FL, + H/, H,+ Ey’, ..., and from 
the proposition previously proved, it follows that the distribution of surface- 
density « +’ is the only distribution corresponding to these charges. 

We have accordingly arrived at the following proposition : 


If charges E,, E,,... give rise to potentials V,, Vz, ..., and if charges 
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Hy, Ey, ... give rise to potentials V/’, V,’, ..., then charges EL, + Ey, E,+ Ey, ... 
will give rise to potentials V, + Vi, Ve+ Vz, . 


In words: if we superpose two systems of charges, the potentials ee 
can be obtained by adding together the potentials ee enn to the two 
component systems. 


Clearly the proposition can be extended so as to apply to the superposition 
of any number of systems. 


We can obviously deduce the following: 


If charges E,, E,, ... give rise to potentials V,, V,, ..., then charges 
KE,, KE,, ... give rise to potentials KV, KY,, ... 


101. Suppose now that we have n conductors fixed in position and 
uncharged. Let us refer to these conductors as conductor (1), conductor (2), 
etc. Suppose that the result of placing unit charge on conductor (1) and 
leaving the others uncharged is to produce potentials 


Pu, Prey +--+ Pins 


on the n conductors respectively, then the result of placing Z, on (1) and 
leaving the others uncharged is to produce potentials 


pul, Doth, tee Pin Ey. 


Similarly, if placing unit charge on (2) and leaving the others uncharged 
gives potentials 


Pa, Poa, +++ Pons 
then placing Z, on (2) and leaving the others uncharged gives potentials 


Dn Lia, Po Le, cee Den Lig 


In the same way we can calculate the result of placing #, on (8), H, on 
(4), and so on. 


If we now superpose the solutions we have obtained, we find that the 
effect of simultaneous charges Z,, E,,... Z, is to give potentials V,, V,... Kr, 
where 

K=m + pn E, + py Hs +... 
Ve = Pig Ly + Poo Lig + Psa lig + 200 [| sevverescncesesees (32). 
etc. 


These equations give the potentials in terms of the charges. The 
coefficients py, Pu, --- do not depend on either the potentials or charges, 
being purely peometricd| quantities, which depend on the size, shape and 
position of the different conductors. 
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Green’s Reciprocation Theorem. 


102. Let us suppose that charges ep, ég, ... on elements of conducting 
surfaces at P, Q,... produce potentials V;, Y, ... at P, Q, ..., and that 
similarly charges ep’, eg, ... produce potentials V;, V’,.... Then Green’s 


Theorem states that 
LepVp = Lep Vp, 


the summation extending in each case over all the charges in the field. 


To prove the theorem, we need only notice that 
Las ulg® 
Vp aay > PQ b) 
the summation extending over all charges except ep, so that in Xe,'V, the 


: LS / 
coefficient of PQ is @pég from the term ep Vp, and epeg from the term 
eg VY. Thus 
; Cplg +egep. 
Sep’ Te = 33 eet fete 


= XepVp, from symmetry. 


103. The following theorem follows at once: 


If total charges E,, E, on the separate conductors of a system produce 
potentials Vi, Vy, ..., and if charges Ey, Ey, ... produce potentials V;’, 
KS ss. , then 

SE Vi SUV son dsannsnateses MeaeOee (33), 


the summation extending in each case over all the conductors. 


To see the truth of this, we need only divide up the charges E,, Fy, ... 
into small charges ep, eg, ... on the different small elements of the surfaces 
of the conductors, and the proposition becomes identical with that just 
proved. 


104. Let us now consider the special case in which 


#,=1, £=-f£,= k=... =0, 
so that Kr py, “Ve Wiss eben 
and f/ =0,, HJ =1, £/=Hi=...=0, 
so that Vi =pa,. Ve =pu, ete. 
Then 2LV’ =p» and SE’V =p,, so that the theorem just proved becomes 
Pu = Pa- 


In words: the potential to which (1) is raised by putting unit charge on 
(2), all the other conductors being uncharged, is equal to the potential to 
which (2) is raised by putting unit charge on (1), all the other conductors 
being uncharged. - 
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As a special case, let us reduce conductor (2) to a point P, and suppose 
that the system contains in addition only one other conductor (1). Then 


The potential to which the conductor is raised by placing a unit charge 
at P, the conductor itself being uncharged, is equal to the potential at P when 
unit charge is placed on the conductor. 


For instance, let the conductor be a sphere, and let the point P be ata 
distance r from its centre. Unit charge on the sphere produces potential 


= at P, so that unit charge at P raises the sphere to potential - 


Coefficients of Potential, Capacity and Induction. 


105. The relations p=, etc. reduce the number of the coefficients 
Pu, Pir, +++ Pnn, Which occur in equations (32), to 4n(n+1). These coeffi- 
cients are called the coefficients of potential of the n conductors. Knowing 
the values of these coefficients, equations (31) give the potentials in terms 
of the charges. 


If we know the potentials Yj, V;,..., we can obtain the values of the 
- charges by solving equations (32). We obtain a system of equations of 
the form 

L, = Qu + due + eee 

Lig GG Gg Varinad lf sss cuseversaW ieee so tests (34). 

etc. 


The values of the q’s obtained by actual solution of the equations (82), are 
. die | 


where A=| Pu Pu--- Pn |« 
Pr Pea eee Pra 
Pin Pon +++ Pnn 


Thus qs is the co-factor of p,, in A, divided by A. 
The relation Ore = Yer 


follows as an algebraical consequence of the relation p,s= sr, or is at once 
obvious from the relation 
SEV’ = =XE'd, 


and equations (34), on taking the same sets of values as in § 104. 
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There are n coefficients of the type Gary Jar, +++ Ynn- These are known as 
coefficients of capacity. There are 4n(n—1) coefficients of the type q,s, and 
these are known as coefficients of induction. 


From equations (34), it is clear that gq, is the value of #, when 
Y=1, %=Ve=...=0. This leads to an extended definition of the 
capacity of a conductor, in which account is taken of the influence of the 
other conductors in the field. We define the capacity of the conductor 1, 
when in the presence of conductors 2, 3, 4,..., to be qu, namely, the charge 
required to raise conductor 1 to unit potential, all the other conductors being 
put to earth. 


ENERGY OF A SYSTEM OF CHARGED CONDUCTORS. 


106. Suppose we require to find the energy of a system of conductors, 
their charges being #,, H,,... Hn, so that their potentials are Vj, , ... Va 
given by equations (82). 


Let W denote the energy when the charges are kE,, kEH,, ... kEy. 
Corresponding to these charges, the potentials will be kV,, kV,,... kV. It ° 
we bring up an additional small charge dk. H, from infinity to conductor 1, 
the work to be done will be dk#,.kV; if we bring up dk£, to conductor 2 
the work will be dkH,kV;, and so on. Let us now bring charges dk&, to 1, 
dk, to 2, dkE, to 3, ...dkE, ton. The total work done is 


kale 22,V, + Vi Paws Ae Liab), ote ooeter dasias o cshuse= (36), 
and the final charges are 
(k + dk) E,, (k + dk) E,, ... (k + dk) Ep. 


The energy in this state is the same function of k + dk as W is of k, and may 
therefore be expressed as 


ow 
W+—- dk. 


Expression (36), the increase in energy, is therefore equal to a dk, whence 


= k(AVY + £Y+...+ LnVp), 


so that on integration 
W= 4h? (L,Y + LV, + coo t la Ay 
No constant of integration is added, since W must vanish when k = 0, 


Taking &=1, we obtain the energy corresponding to the final charges 
E,, £,,.-. En; in the form 
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If we substitute for the V’s their values in terms of the charges as given by 
equations (31), we obtain 


W= Dy (Pu k? a 2p» EH, E, ar Dale +. as) ses eecccceeeees (88), 
and similarly from equations (34), 
Weed (nV tea Vilade Gia VO P voc)secsvee tec eweee (39). 


107. If W is expressed as a function of the H’s, we obtain by differ- 
entiation of (38), 
oW 
OE, = Pub, + poly+...+pnEn 
= V, by equation (32). 
This result is clear from other considerations. If we increase the charge 


- dH,, and is also Vid£, 
since this is the work done on bringing up a new charge dZ, to potential J. 


Thus on dividing by d£,, we get 


on conductor 1 by d#,, the increase of energy is 


ow 
oF, a V; Pome e reese ce ens eerseeeeeesenoeseees (40) 
ow 

So also Ow, = E, sete er mene cceereeecceroseeesecceeers (41) 


as is at once obvious on differentiation of (39). 


108. In changing the charges from /,, £,, ... to E,’, E,’, ... let us suppose 
that the potentials change from V, V,,... to Vi, K,..... The work done, 
W’ — W, is given by 

W’ — W=42(2L’V’'—- ED). 
Since, however, by § 103, SHV’ ==LH’V, this expression for the work done 
can either be written in the form 
42 {H'V’-EV-(EV’'-E’'V)}, 


which leads at once to 


We W hs (Pe) a ee eee, (42); 
or in the form 42 {E'V’ — EV 4+ (EV - E'V)}, 
which leads to Wo Wa V7) (B+ LZ) crceseesecsscesee: (48). 


109. If the changes in the charges are only small, we may replace &” by 
E+dE, and find that equation (42) reduces to 


dW=XVde£, 
from which equation (40) is obvious, while equation (43) reduces to 
dW = XEdV, 


leading at once to (41). 
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110. It is worth noticing that the coefficients of potential, capacity and 
induction can be expressed as differential coefficients of the energy ; thus 


ow 
Pu 0B?’ 
o7W 
Pre 9H 0B,’ 
_ ew 
Ors — oV,0V, ’ 


and so on. 
The last two equations give independent proofs of the relations 
Prs=Psr. Yrs = ere 


PROPERTIES OF THE COEFFICIENTS. 


111. A certain number of properties can be deduced at once from the 
fact that the energy must always be positive. For instance since the value 
of W given by equation (38) is positive for all values of £,, Ey; soe By, ib 
follows at once that 


Pu, Por, Pss, ++» aLe positive, 
that Pu Po» — Pu? is positive, that 
Pu Pr Pis 
P12 Pos Pos | 18 positive 
Pis Pr Pos 
and soon. Similarly from equation (39), it follows that 


Qu» Yor, Yas, ++» are positive, 
and there are other relations similar to those above. 


112. More valuable properties can, however, be obtained from a con- 
sideration of the distribution of the lines of force in the field. 


Let us first consider the field when 


Ey = 1; f,=E,= ooo =O, 
The potentials are Y=pu, Vi=pu, ete. 
Since conductors 2, 3, ... are uncharged, their potentials must be inter- 


mediate between the highest and lowest potentials in the field. Thus the 
potential of 1 must be either the highest or the lowest in the field, the other 
extreme potential being at infinity. It is impossible for the potential of 1 
to be the lowest in the field; for if it were, lines of force would enter in at 
every point, and its charge would be negative. Thus the highest potential 
in the field must be that of conductor 1, and the other potentials must all 
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be intermediate between this potential and the potential at infinity, and 
must therefore all be positive. Thus pu, po, Ps, --- Pin are all positive and 
the first ts the greatest. 


INexpicsus put o-.  VW=1,- i= Vie... = 
so that the charges are Gur» Gia» Qisy -++ Gin 

The highest potential in the field is that of conductor 1. Thus lines of 
force leave but do not enter conductor 1. The lines may either go to the 
other conductors or to infinity. No lines can leave the other conductors. 
Thus the charge on 1 must be positive, and the charges on 2, 3, ... all negative, 
1.€., Yn 18 positive and qe, diz, -.. are all negative. Moreover the total strength 
of the tubes arriving at infinity is dy + q+ Gist+-.-+in, SO that this must 


be positive. 
113. To sum up, we have seen that 
(i) All the coefficients of potential (pn, Py, ...) are positive, 
(ii) All the coefficients of capacity (qu, dx, .--) are positive, 
(iii) All the coefficients of induction (qs, qs, -..) are negative, 
and we have obtained the relations 
(Pu — Pi) 18 positive, 
(Gu + Gra t+ --- + Gin) is positive. 
In limiting. cases it is of course possible for any of the quantities which 
have been described as always positive or always negative, to vanish, 


VALUES OF THE COEFFICIENTS IN SPECIAL CASES. 


Electric Screening. 


114. The first case in which we shall consider the values of the 
coefficients is that in which one conductor, say 1, is completely surrounded 
by a second conductor 2, 


oes 


Fia. 38. 


If Z,=0, the conductor 2 becomes a closed conductor with no charge 
inside, so that the potential in its interior is constant, and therefore Y= %,. 
Putting H,=0, the relation Y= V gives the equation 


(Pr — P22) E+ (pas — Pos) L,+...=0. 
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This being true for all values of £,, Es, aes We must have 
Pi2= Pe, Dis = Pos, ete. 


Next let us put unit charge on 1, leaving the other conductors uncharged. 
The energy is 4p. If we join 1 and 2 by a wire, the conductors 1 and 2 
form a single conductor, so that the electricity will all flow to the outer 
surface. This wire may now be removed, and the energy in the system is $7». 
Energy must, however, have been lost in the flow of electricity, so that px. 
must be less than py. 


Since we have already seen that pi.= Po. and Pu —p. cannot be negative, 
it is clear that p.». cannot be greater than p, The foregoing argument, 
however, goes further and enables us to prove that py — py is actually 
positive. 


Let us next suppose that conductor 2 is put to earth, so that R=0. 
Then if £,=0, it follows that Y=0. Hence from the equations 
B= Gia VFS Veto a fetstiee: seeateenees (44) ° 
we obtain in this special case that 
Qs V3 + QaVi+ - +GinV = 0. 
This is true, whatever the values of V, %, ..., so that 
Qs = Ya = ++ = Yn = 9. 


Suppose that conductor 1 is raised to unit potential while all the other 
conductors are put to earth. The aggregate strength of the tubes of force 
which go to infinity, namely gn + q+ --- + Gin (§ 112), is in this case zero, so 
that qi2=— Qu. 


The system of equations (44) now reduces, when V,=0, to 


Wise gn Vite he ene they wee ee (45), 
Ey = Qa Vi + Gas Va Ae QasVa+ +20. sassoceeccnsenageness (46) 
Es = Ys3Ve+ QasVit «.. 
E,=quVet+ QuVit -. 


Equations (47) shew that the relations between charges and potential 
outside 2 are quite independent of the electrical conditions which obtain 
inside 2. So also the conditions inside 2 are not affected by those outside 2, 
as is obvious from equation (45). These results become obvious when we 
consider that no lines of force can cross conductor 2, and that there is no way 
except by crossing conductor 2 for a line of force to pass from the conductors 
outside 2 to those inside 2. 


An electric system which is completely surrounded by a conductor at 
potential zero is said to be “electrically screened” from all electric systems 
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outside this conductor; for charges outside this “screen” cannot affect the 
screened system. The principle of electric screening is utilised in electro- 
static instruments, in order that the instrument may not be affected by 
external electric actions other than those which it is required to observe. As 
a complete conductor would prevent observation of the working of the 
instrument, a cage of wire is frequently used as a screen, this being very 
nearly as efficient as a completely closed conductor (see § 72). In more 
delicate instruments the screening may be complete except for a small 
‘window to admit of observation of the interior. 


Spherical Condenser. 


115. Let us apply the methods of this Chapter to the spherical con- 
denser described in § 79. Let the inner sphere of radius a be taken to be 
conductor 1, and the outer sphere of radius 6 be taken to be conductor 2. 

The equations connecting potentials and charges are 

Vi = pu LZ, + pak, 


Vo = PL, + Poo Hy. 
A unit charge placed on 2 raises both 1 ou 2 to potential 1/b, so that on 
putting L,=0, #,=1, we must have K=K%=1 /b. Hence it follows that 
1 
Pa Pa~F- 


If we leave 2 uncharged and place unit charge on I, the field of force is that 
investigated in § 79, so that V,=l1/a, V,=1/b. Hence 


s wil 
Yo ae, Piz ae 5 


These results exemplify 
(i) the general relation py= pu, 
(ii) the relation peculiar to electric screening, p= Ps. 


The equations now become 


Veer 
a 
E, FE, 
Vrs toa, 3 
Solving for Z, and E, in terms of V; and V;, we obtain 
ab ab 
coed egnah i Na 
ab b? 
laa! mecaphduas b V,, 
ab ab b? 


so that Foes aaa GaGa aT 1 ak aa 


100 Systems of Conductors . (CH. IV 


We notice that g2= Qu, that the value of each is negative, and that 
Qu =— 2, in accordance with §113. The value of gy is the capacity of 
sphere 1 when 2 is to earth, and is in agreement with the result of § 79. 


The capacity of 2 when 1 is to earth, qx», is seen to be — This can - 


also be seen by regarding the system as composed of two condensers, the 
inner sphere and the inner surface of the outer sphere form a single spherical 


condenser of capacity aS , while the outer surface of the outer sphere has. 


capacity 6b. The total capacity accordingly 


ab b? 
= Foy Ae eae 


Two spheres at a great distance apart. 


116. Suppose we have two spheres, radii a, 6, placed with their centres 
at a great distance c apart. Let us first place unit charge on the former, the 


Fie. 39. 


charge being placed so that the surface density is constant. This will not 
produce uniform potential over 2; at a point distant r from the centre of 1 
it will produce potential 1/r. We can, however, adjust this potential to the 
uniform value 1/c by placing on the surface of 2 a distribution of electricity 


such that it produces a potential = = over this surface. 


Take B, the centre of the second sphere, as origin, and AB as axis of a. 


Then we may write 
11, or ee 1 
—---= =-—, as far as —. 
Can cr Cc Cc? 


Let o be the surface density required to produce this potential, then 
clearly o is an odd function of «, and therefore the total charge, the value of 
a integrated over the sphere, vanishes. Thus the potential of 2 can be 
adjusted to the uniform value 1/c without altering the total charge on 2 
from zero, neglecting 1/c’%, The new surface density being of the order of 
1/c’, the additional potential produced on 1 by it will be at most of order 1/c’, 
so that if we neglect 1/c’ we have found an equilibrium arrangement which 
makes 


je Gollege of 1deatien 


CALDWELL, IDAHO. 
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Substituting these values in the equations 
V,= Pull, + Dik, 
Va = pro k, + Pate, 


e 1 al 

uf find at once that. Pat neglecting eo 
1 is 

Pr= im a? 


and similarly we can see that 
Px =z neglectin a 
eat 5 


Solving the equations 


We os 
. a Tf. 
; rb 
we find that, neglecting = rq 
F a 
Me ab’ 
Le 
=, me ab ie. ab fi u 
Gia = Qn = — ~— = — 7 as far as 3, 
o(1- 5) 
3 b 
= 
2s 
c 


We notice that the capacity of either sphere is greater than it would be if 
the other were removed. This, as we shall see later, is a particular case of a 
general theorem. 


Two conductors in contact. 


117. If two conductors are placed in contact, their potentials must be 
equal. Let the two conductors be conductors 1 and 2, then the equation 
V, = % becomes 

(pu — P12) Ey, + (Piz — Pos) E,+...=09, 


or, say, al, + BE, + yH;+...=9. 
If we know the total charge # on 1 and 2, we have 
Li, + £,= £, 


and on solving these two equations we can obtain FH, and £,. ta ey aie 


Bo an eh, en 
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giving the ratio in which the charge H will distribute itself between the 
two conductors 1 and 2. If the conductors 3, 4, ... are either absent or 
uncharged, 

E, es B Po — Pr 
which is independent of # and always positive. It is to be noticed that L, 
vanishes only if px. = rs, 2.¢., if 2 entirely surrounds 1. 


MECHANICAL FoRCES ON CONDUCTORS. 


118. We have already seen that the mechanical force on a conductor is 
the resultant of a system of tensions over its surface of amount 2zrc” per unit 
area. The results of the present Chapter enable us to find the resultant 
force on any conductor in terms of the electrical coefficients of the system. 


Suppose that the positions of the conductors are specified by any co- 
ordinates £,, &, ...,80 that py, Dis, ---, Qu» Yr, ---, and consequently also W, 
are functions of the ’s. If £, is increased to £,+ d&,, without the charges on 


the conductors being altered, the increase in electrical energy is dé,, and 
F ’ 1 


this increase must represent mechanical work done in moving the conductors. 
The force tending to increase & is accordingly 
_ aw 
Of, 
Since the charges on the conductors are to be kept constant, it will of 
course be most convenient to use the form of W given by equation (88), and 
the force is obtained in the form 


Opn OPr2 
+ (2a. Bae +...) aia sce eSB 


It is however possible, by joining the conductors to the terminals of 
electric batteries, to keep their potentials constant. In this case, however, 
we must not use the expression (39) for W, and so obtain for the force 


Ogu qi» 
as (fe T+ 222 EY, + oa at . F308 (48) 


for the batteries are now capable of supplying energy, and an increase of 
electrical energy does not necessarily mean an equal expenditure of mechanical 
energy, for we must not neglect the work done by the batteries. Since the 
resultant mechanical force on any conductor may be regarded as the resultant 
of tensions 27ro? per unit area acting over its surface, it is clear that this 
resultant force in any position depends solely on the charges in this position. 
It is therefore the same whether the charges or potentials are kept constant, 
and expression (48) will give this force whether the conductors are connected 
to batteries or not. 
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119. As an illustration, we may consider the force between the two 
charged spheres discussed in § 116. 


ow 


The force tending to increase c, namely — a5? is 
c 


(OP 2 OPr2 OPea 
+(2 Ey +22! BB, + P2 Be), 
and substituting the values 


ir sal 
Pu=7 + terms in 3 


it is found that this force is 
2 


Thus, except for terms in c~, the force is the same as though the charges 
were collected at the centres of the spheres. Indeed, it is easy to go a stage 
further and prove that the result is true as far as c~*. We shall, however, 
reserve a full discussion of the question for a later Chapter. 


120. Let us write 
4 (pu LY? + 2p» LE, +...) = 
$ (Qu VW? + 2qnVV, +...) =Wy. 
Then W, and W, are each equal to the electrical energy 42EV, so that 
West Wows i Vamel) otra Saecites gat ee nser ee (50). 
In whatever way we change the values of 
TE pall Sroececnrtag | Sree) A ita A hank bt 


equation (50) remains true. We may accordingly differentiate it, treating the 
expression on the left as a function of all the #’s, V’s and &’s. Denoting the 
function on the left-hand of equation (50) by @, the result of differentiation 
will be 


fo) ob Ob ba 

© aay OE: +i your et 
N a! oe by equation (40) 
Ow OL, ol, ? Mi q ? 

0b _ OW, 

beet eae A eS 1 

on Vv, b= 0, ” » (4 ) 
3 


so that we are left with 235 6&, = 
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and since this equation is true for all displacements and therefore for all 
values of 8£;, 5&2, ..., it follows that each coefficient must vanish separately. 


Thus o =0; or 
OW, . oW, 
see i me ys came cae sets anes aise ee 51 
aE, * BE; oy 
As we have seen, — a is the mechanical force tending to increase &,, 
1 
and this has now been shewn to be equal to aM which is expression (49) 


0€, 
with the sign reversed. Thus the mechanical force, whether the charges or 
the potentials are kept constant, is 


Ogu O92 
Bt 2 EV, Wahi) rash eee 52), 
eae (52) 
a form which is convenient when we know the potentials, but not the 
charges, of the system. 

In making a small displacement of the pe such that &, is tren 


into &+d&,, the mechanical work done is = gt If the potentials are 


7E 


kept constant the increase in electrical energy is . BE, Laer, The difference of 
these expressions, namely 

ow, — dé 

ee 0&, a. 


represents energy supplied by as i From equation (51), it appears 
that this expression is equal to got E, eae so that the batteries supply energy 


equal to twice the increase in the electrical energy of the system, and of this 
energy half goes to an increase of the final electrical energy, while half is 
expended as mechanical work in the motion of the conductors. 


Introduction of a new conductor into the field. 


121. When a new conductor is introduced into the field, the coefficients 
Pu» Piss +++) My Qa, --. are naturally altered. 


Let us suppose the new conductor introduced in infinitesimal pieces, 
which are brought into the field uncharged and placed in position so that 
they are in every way in their final places except that electric communication 
is not established between the different pieces. So far no work has been 
done and the electrical energy of the field remains unaltered. 


Now let electric communication be established between the different 
pieces, so that the whole structure becomes a single conductor. The separate 
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pieces, originally at different potentials, are now brought to the same 
potential by the flow of electricity over the surface of the conductor. 
Electricity can only flow from places of higher to places of lower potential, 
so that electrical energy is lost in this flow. Thus the introduction of the 
new conductor has diminished the electric energy of the field. 


If we now put the new conductor to earth there is in general a further 
flow of electricity, so that the energy is still further diminished. 


Thus the electric energy of any field is diminished by the introduction of 
a new conductor, whether insulated or not. 


Consider the case in which the new conductor remains insulated. Let 
the energy of the field before the introduction of the new conductor be 


$ (pn LB? + 2p By By +. Fin Ly?) ses secdovcesesces (53). 
After introduction, the energy may be taken to be 
RD 19 2 Dre Hy Le ee Dry He metas sclccn temps (54), 


where py, etc., are the new coefficients of potential. Further coefficients of 
the type Pin4i, Pont +++» Pntinti are of course brought into existence, but do 
not enter into the expression for the energy, since by hypothesis Z,,,, = 0. 


Since expression (54) is less than expression (53), it follows that 
(Pu — Pu ) EY? +2 (Dis — pr ) EL, E, +... 


is positive for all values of £,, H,,.... Hence py — py’ is positive, and other 
relations may be obtained, as in § 111. 


ELECTROMETERS. 


I. The Attracted Disc Hlectrometer. 


Fie. 40. 


122. This instrument is, as regards its essential principle, a balance in 
which the beam has a weight fixed at one end and a disc suspended from 
the other. Under normal conditions the fixed weight is sufficiently heavy 
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to outweigh the disc. In using the instrument the disc is made to become 
one plate of a parallel plate condenser, of which the second plate is adjusted 
until the electric attraction between the two plates of the condenser is just 
sufficient to restore the balance. 

The inequalities in the distribution of the lines of force which would 
otherwise occur at the edges of the disc are avoided by the use of a guard- 
ring (§ 90), so arranged that when the beam of the balance is horizontal 
the guard-ring and disc are exactly in one plane, and fit as closely as is 
practicable. 

Let us suppose that the disc is of area A and that the disc and guard- 
ring are raised to potential V. Let the second plate of the condenser be 
placed parallel to the disc at a distance A from it, and put to earth. Then 
the intensity between the disc and lower plate is uniform and equal to V/h, 
so that the surface density on the lower face of the dise is c= V/47h. The 
- mechanical force acting on the disc is therefore a force 270A or V?A/87h? 
acting vertically downwards through the centre of the disc. If this just 
suffices to keep the beam horizontal, it must be exactly equal to the weight, 
say W, which would have to be placed on this disc to maintain equilibrium 
if it were uncharged. This weight is a constant of the instrument, so that 
the equation 

Venge 
Sih? 
enables us to determine V in terms of known quantities by observing A. 
The instrument is arranged so that the lower plate can be moved parallel 
to itself by a micrometer screw, the reading of which gives h with great 
accuracy. We can accordingly determine V in absolute units, from the 


equation 
/ 87 W 
EEN aus 


If we wish to determine a difference of potential we can raise the upper 
plate to one potential Vj, and the lower plate to the second potential V,, 


and we then have 
8a W 
Reve ae 


A more accurate method of determining a difference of potential is to keep 
the disc at a constant potential v, and raise the lower plate successively to 
potentials W and %. If h, and h, are the values of h which bring the disc to 
its standard position when the potentials of the lower plate are Vand V;, we 


have 
Sai ene 


8a W 


W 
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Pare 


It is now only necessary to measure fh, — h,, the distance through which 
the lower plate is moved forward, and this can be determined with great 
accuracy, as it depends solely on the motion of the micrometer screw. 


so that = (h, — he) 8a W 


Il. The Quadrant Electrometer. 


123. Measurement of Potential Difference. This instrument is more 
delicate than the disc electrometer just described, but enables us only to 
compare two potentials, or potential differ- 
ences; we cannot measure a single potential 
in terms of known units. 


The principal part of the instrument 
consists of a metal cylinder of height small 
compared with its radius, divided into four 
quadrants A, B, C, D by two diameters at 
right angles. These quadrants are insulated 
separately, and then opposite quadrants 
are connected in pairs, two by wires joined 
- to a point # and two by wires joined to 
some other point F. 


The inside of the cylinder is hollow and 
inside this a metal disc or “needle” is free 
to move, being suspended by a delicate 
fibre, so that it can rotate without touching 
the quadrants. Before using the instrument 
the needle is charged to a high potential, 
say v, either by means of the fibre, if this 
is a conductor, or by a small ¢onducting 
wire hanging from the needle which passes ae the bottom of the 
cylinder. The fibre is adjusted so that when the quadrants are at the same 
potential the needle rests, as shewn in the figure, in a symmetrical position 
with respect to the quadrants. In this state either surface of the needle 
and the opposite faces of the dee may be regarded as forming a parallel 
plate condenser. 


If, however, the potential of the two quadrants joined to # is different 
from that of the two quadrants joined to F, there is an electrical force 
tending to drag the needle under that pair of quadrants of which the potential 
is more nearly equal to v. The needle accordingly moves in this direction 
until the electric forces are in equilibrium with the torsion of the fibre, and 
an observation of the angle through which the needle turns will give an 
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indication of the difference of potential between the two pairs of quadrants. 
This angle is most easily observed by attaching a small mirror to the fibre 
just above the point at which it emerges from the quadrants. 


Let us suppose that when the needle has turned through an angle 4, 
the total area A of the needle is placed so that an area S is inside the pair 
of quadrants at potential Vj, and an area A —S inside the pair at potential 
V;. Let h be the perpendicular distance from either face of the needle to 
the faces of the quadrants. Then the system may be regarded as two 
parallel plate condensers of area S, distance»h, and difference of potential 
v — V,, and two parallel plate condensers for which these quantities have the 
values A —S, h, v—V,;. There are two condensers of each kind because 
there are two faces, upper and lower, to the needle. The electrical energy 
of this system is accordingly 

w-VyS  w-hy(A—S) 
heed 4arh : 


The energy here appears as a quadratic function of the three potentials 
concerned: it is expressed in the same form as the W, of § 120. The 
mechanical force tending to increase 6, 1.e., the moment of the couple tending 
to turn the needle in the direction of @ increasing, is therefore oe . Now 
in W, the only term in the coefficients of the potentials which varies with 4 
is S, so that on differentiation we obtain 
OW, (v—Vie—(Ww—V,y as 

7 = — I 0 


06 Aah 00° 


If r is the radius of the needle—measured from its centre, which is under 


the line of division of the quadrants—we clearly have a =?7,so that we can 


write the equation just obtained in the form 
OW, _(20-V- Kh) G-V) 2 
00° SOS*~*«St a 
Tn equilibrium this couple is balanced by the torsion couple of the fibre, 
which tends to decrease 6. This couple may be taken to be k0, where k is a 
constant, so that the equation of equilibrium is 
_Qv-K-K Gh 
k0 = peunenetny Ps Summed on 5 (55). 
For small displacements of the needle, r? may be replaced by a’, the 
radius of the needle at its centre line. Also v is generally large compared 
with Wand ¥,. The last equation accordingly assumes the simpler form 


var 
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shewing that @ is, for small displacements of the needle, approximately 
proportional to the difference of potential of the two pairs of quadrants. 
The instrument can be made extraordinarily sensitive owing to the possibility 
of obtaining quartz-fibres for which the value of & is very small. 


If the difference of potential to be measured is large, we may charge the 
needle simply by joining it to one of the pairs of quadrants, say the pair at 
potential %. We then have v= J, and equation (55) becomes 
9 U- Wea 

Ath” 


so that @ is now proportional to the square of the potential difference to be 
measured, 


k 


2 
Writing 5-7;.= C,so that C is a constant of the instrument, we have, 


when v is large 
OP OUV Vays iccets Steric eerie Ave (56), 
when v= J, 


Gat (Renate ee ee (57). 


124. Measwrement of charge. Let us speak of the pairs of quadrants 
at potentials Y%, % as conductors 1, 2 respectively, and let the needle be 
conductor 3. When the quadrants are to earth and the needle is at 
potential V;, the charge # induced on the first pair of quadrants by the 
charge on the needle will be given by 

EL = q3h,, 
where 9; is the coefficient of induction. ‘This coefficient is a function of the 
angle @ which defined the position of the needle. If the instrument is 
adjusted so that @=0 when both pairs of quadrants are to earth, we must 
use the value of g,, corresponding to 0=0, say (q1s), so that 


ORT, etc eaten (58). 


Now suppose that the first pair of quadrants is insulated and receives 
an additional charge Q, the second pair being still to earth. Let the needle 
be deflected through an angle @ in consequence. Since the charge on the 
first pair of quadrants is now H+ Q, we have 


E£+Q=(qideVi + (Gs)o %. 
On subtracting equation (58) from this we obtain ’ 


Q= (uo, +r [(q:se oa (q13)o0] %. 


If 6 is small this may be written 


0 
Q= 0h + OY, 
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where gn, a are supposed calculated for @=0. Since V;=0, we have from 


equation (56), 


6 = OV.V,, 
u a) 1 
so that Q= (4+ ote 7) 0, 


shewing that for small values of 0, Q is directly proportional to @. 


Let us suppose that we join the first pair of quadrants (conductor 1) 
to a condenser of known capacity I‘ which is entirely outside the electro- 
meter. Since the needle (8) is entirely screened by the quadrants the value 
of g,; remains unaltered, while gy will become gu+T. If & is now the 
deflection of the needle, we have 


Q= (ae + Ser) 6, 


so that, by combination with the last equation, we have 


na T 
05-3) = aK 
If 6” is the deflection obtained by joining the pairs of quadrants to the 


terminals of a battery of known potential difference D, we have from 
equation (56), 


om=5, 


and on substituting this value for CY, our equation becomes 


[TD 
Q= 


Ca? 


giving Q in terms of the known quantities [', D and the three readings 
6, & and 6”. 


An ordinary quadrant electrometer will measure differences of potential 
down to about z5455 electrostatic units. Thus in spite of its somewhat high 
capacity of about 50 electrostatic units, it forms an extremely efficient instru- 
ment for the measurement or detection of small electric charges. 

An improved form of the instrument has recently been introduced by 
Dolazalek, in which the electrostatic capacity is very small. This is capable 
of measuring potential differences down to +y7/5gg electrostatic units, and is 
correspondingly more sensitive for the measurement of charges. 
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EXAMPLES. 


1. Ifthe algebraic sum of the charges on a system of conductors be positive, then on 
one at least the surface density is everywhere positive. 


~ 2. There are a number of insulated conductors in given fixed positions. The 
capacities of any two of them in their given positions are Q, and Cy, and their mutual 
coefficient of induction is B. Prove that if these conductors be joined by a thin wire, the 
capacity of the combined conductor is 


C+ Co+2B. 


3. A system of insulated conductors having been charged in any manner, charges are 
transferred from one conductor to another till they are all brought to the same potential V. 
Shew that 

V=E/(s, + 28), ; 
where s;, s, are the algebraic sums of the coefficients of capacity and induction respectively, 
and Z is the sum of the charges. 


4. Prove that the effect of the operation described in the last question is a decrease 
of the electrostatic energy equal to what would be the energy of the system if each of the 
original potentials were diminished by V. 


5. Two equal similar condensers, each consisting of two spherical shells, radii a, b, 
are insulated and placed at a great distance 7 apart. Charges e, e’ are given to the inner 
shells. If the outer surfaces are now joined by a wire, shew that the loss of energy is 


approximately Nees 
Sh ae 
+ (e-e’) G *) : 


6. A condenser is formed of two thin concentric spherical shells, radii a, 6. A small 
hole exists in the outer sheet through which an insulated wire passes connecting the 
inner sheet with a third conductor of capacity ¢, at a great distance r from the condenser. 
The outer sheet of the condenser is put to earth, and the charge on the two connected 
conductors is Z. Prove that approximately the force on the third conductor is 


2 
acl? / (2, +0) 73, 
a—b 


7. Two closed equipotentials V;, Vo are such that V, contains Vo, and Vp is the 
potential at any point P between them. If now a charge £ be put at P, and both 
equipotentials be replaced by conducting shells and earth-connected, then the charges 
E,, Ey induced on the two surfaces are given by 

Ey Bp LE 
Vo-Ve Ve—-Vi Vi- Vo" 


8. A conductor is charged from an electrophorus by repeated contacts with a plate, 
which after each contact is recharged with a quantity Z of electricity from the electro- 
phorus. Prove that if ¢ is the charge of the conductor after the first operation, the 


ultimate charge is 
Ee 


E-e 
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9. Four equal uncharged insulated conductors are placed symmetrically at the corners 
of a regular tetrahedron, and are touched in turn by a moving spherical conductor at the 
points nearest to the centre of the tetrahedron, receiving charges ¢1, €2, ¢3, &- Shew that 
the charges are in geometrical progression. 


10. In question 9 replace “tetrahedron” by “square,” and prove that 
(€1 — 2) (€1€3 — 5”) = 1 (€2€3 — €1€4)- 


11. Shew that if the distance w between two conductors is so great as compared with 
the linear dimensions of either, that the square of the ratio of these linear dimensions to 
zx may be neglected, then the coefficient of induction between them is — C'C’/x, where C, ou 
are the capacities of the conductors when isolated. 


12. Two insulated fixed condensers are at given potentials when alone in the electric 
field and charged with quantities #,, Z, of electricity. Their coefficients of potential are 
P11» P12) Pox. But if they are surrounded by a spherical conductor of very large radius & 
at potential zero with its centre near them, the two conductors require charges Z’, Z,' to 


produce the given potentials. Prove, neglecting z , that 


Ey’ — EB, 22 — Pi2 4 
Ey — Ey Pu—Pi2 


13. Shew that the locus of the positions, in which a unit charge will induce a given 
charge on a given uninsulated conductor, is an equipotential surface of that conductor 
supposed freely electrified. 


14. Prove (i) that if a conductor, insulated in free space and raised to unit potential, 
produce at any external point P a potential denoted by (P), then a unit charge placed at 
P in the presence of this conductor uninsulated will induce on it a charge —(P) ; 


(ii) that if the potential at a point @ due to the induced charge be denoted by (PQ), 
then (PQ) is a symmetrical function of the positions of P and Q. 


15. Two small uninsulated spheres are placed near together between two large 
parallel planes, one of which is charged, and the other connected to earth. Shew by 
figures the nature of the disturbance so produced in the uniform field, when the line of 
centres is (i) perpendicular, (ii) parallel to the planes. 


16. A hollow conductor A is at zero potential, and contains in its cavity two other 
insulated conductors, B and C, which are mutually external: B has a positive charge, and 
C is uncharged. Analyse the different types of lines of force within the cavity which are 
possible, classifying with respect to the conductor from which the line starts, and the 
conductor at which it ends, and proving the impossibility of the geometrically possible 
types which are rejected. ; 


Hence prove that B and C are at positive potentials, the potential of C being less than 
that of B. 


17. A portion P of a conductor, the capacity of which is 0, can be separated from the 
conductor. The capacity of this portion, when at along distance from other bodies, is ¢. 
The conductor is insulated, and the part P when at a considerable distance from the 
remainder is charged with a quantity e and allowed to move under the mutual attraction 
up to it; describe and explain the changes which take place in the electrical energy of the 
system. 
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18. A conductor having a charge Q, is surrounded by a second conductor with charge 
2. The inner is connected by a wire to a very distant uncharged conductor. It is then 
disconnected, and the outer conductor connected. Shew that the charges Q,’, Q,’, are now 

Gye es (apes ose) Qs +mnQy' 
4 m+n-+- mn” ar m+n , 
where 0, C(1+m) are the coefficients of capacity of the near conductors, and Cn is the 
capacity of the distant one. ath 


19. If one conductor contains all the others, and there are n+1 in all, shew that 
there are n+1 relations between either the coefficients of potential or the coefficients of 
induction, and if the potential of the largest be Vo, and that of the others V,, Vo, ... Va; 
then the most general expression for the energy is C'V;? increased by a quadratic function 
of Vi— Vo, Ve— Vo, .-- Va-— Vo; where C is a definite constant for all positions of the 
inner conductors. 


20. The inner sphere of a spherical condenser (radii a, b) has a constant charge Z, 
and the outer conductor is at potential zero. Under the internal forces the outer 
conductor contracts from radius 6 to radius 6,. Prove that the work done by the 


electric forces is 
b—b, 


2 
eal at 


21. If, in the last question, the inner conductor has a constant potential V, its charge 
being variable, shew that the work done is 


3 V2a? (b—6,) 
Ga) (@=a)’ 
and investigate the quantity of energy supplied by the battery. 


22. With the usual notation, prove that 


Put p23 > Pi2+ pis 
Pups > P12P13- 
23. Shew that if py, Pre, Pes be three coefficients before the introduction of a new 
conductor, and 7’, Pre, Ys the same coeflicients afterwards, then 


(PrrPas —DPrr Pes ) + (Pre —Pra)*. 


24. Asystem consists of p+q+2 conductors, A,, Ag,... Ap, By, Bo,... By, O, D. Prove 
that when the charges on the 4’s and on C, and the potentials of the B’s and of C are 
known, there cannot be more than one possible distribution in equilibrium, unless C' is 
electrically screened from D. . 


25. A, B, C, D are four conductors, of which B surrounds A and D surrounds C. 
Given the coefficients of capacity and induction 

(i) of A and B when Cand D are removed, 

(ii) of Cand D when A and B are removed, 

(iii) of Band D when A and C are removed, 


determine those for the complete system of four conductors. 


26. Two equal and similar conductors A and B are charged and placed symmetrically 
with regard to each other; a third moveable conductor C is carried so as to occupy 


a 8 
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successively two positions, one practically wholly within A, the other within B, the 
positions being similar and such that the coefficients of potential of C in either position 
are p, g, 7 in ascending order of magnitude. In each position C is in turn connected with 
the conductor surrounding it, put to earth, and then insulated. Determine the charges 
on the conductors after any number of cycles of such operations, and shew that they 
ultimately lead to the ratios 
1:-B6:6-1, 
where £ is the positive root of 
ra? —gu+p—r=0. 


27. Two conductors are of capacities C, and C,, when each is alone in the field. 
They are both in the field at potentials V, and V, respectively, at a great distance r 
apart. Prove that the repulsion between the conductors is 

C,C2 (r Vi — Co V2) (7 Va— C1 Vi) 
(r? = C, C2)? i 


As far as what power of : is this result accurate ? 


28. Two equal and similar insulated conductors are placed symmetrically with regard 
to each other, one of them being uncharged. Another insulated conductor is made to 
touch them alternately in a symmetrical manner, beginning with the one which has a 
charge. If e,, eo be their charges when it has touched each once, shew that their charges, 
when it has touched each 7 times, are respectively 


e2 1+(4 =e) eS e,? 1- €,—€9 2r ; 
2e1 — e2 ey 2€1 — ey ey 
29. Three conductors A,, A, and A3 are such that A; is practically inside Az. 4, is 
alternately connected with A, and A; by means of a fine wire, the first contact being with 


A3. A,hasa charge / initially, 4, and A; being uncharged. Prove that the charge on 
A, after it has been connected n times with A, is 


aalitgarp ler) f 


where a, 8, y stand for p11 — 12, Y22—piz and ps3 — p12 respectively. 


30. Two spheres, radii a, 6, have their centres at a distance ¢ apart. Shew that 
neglecting (a/e)® and (b/c), 
1s 363 1 1 @ 
Aare cae a? to ar. Pa =F hehe 


CHAPTER V 
DIELECTRICS AND INDUCTIVE CAPACITY 


125. MENTION has already been made (§ 84) of the fact, discovered 
originally by Cavendish, and afterwards rediscovered by Faraday, that the 
capacity of a conductor depends on the nature of the dielectric substance 
between its plates. 


Let us imagine that we have two parallel plate condensers, similar in all 
respects except that one has nothing but air between its plates while in the 
other this space is filled with a dielectric of inductive capacity K. Let us 
suppose that the two high-potential plates are connected by a wire, and also 
the two low-potential plates. Let the condensers be charged, the potential 
of the high-potential plates being VY, and that of the low-potential plates 
being XY. 

Then it is found that the charges possessed by the two condensers are not 
equal, The capacity per unit area of the air-condenser is 1/47d; that of the 
other condenser is found to be K/47d. Hence 
the charges per unit area of the two condensers 
are respectively 

esl K-% 
And ae 4nd * 

The work done in taking unit charge from the 
low-potential plate to the high-potential plate is 
the same in either condenser, namely V;— ¥, so 
that the intensity between the plates in either 
condenser is the same, namely 

Y-h Fia. 42. 
Er ee ' 


In the air-condenser this intensity may be regarded as the resultant of the 


attraction of the negatively charged plate and the repulsion of the positively 
charged plate, the law of attraction or repulsion being Coulomb’s law 5 


8—2 
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It is, however, obvious that if we were to calculate the intensity in the 

second condenser from this law, then the value obtained would be K times 
V,-Y : 

that in the first condenser, and would therefore be K Sep ae In point of 


K-N 


fact, the actual value of the intensity is known to be 7 


Thus Faraday’s discovery shews that Coulomb’s law of force is not of 
universal validity: the law has only been proved experimentally for air, and 
it is now found not to be true for dielectrics of which the inductive capacity 
is different from unity. 


This discovery has far-reaching effects on the development of the mathe- 
matical theory of electricity. In the present book, Coulomb’s law was 
introduced in § 38, and formed the basis of all subsequent investigations. 
Thus every theorem which has been proved in the present book from § 38 
onwards requires reconsideration. 


126. We shall follow Faraday in treating the whole subject from the 
point of view of lines of force. The conceptions of potential, of intensity, and 
of lines of force are entirely independent of Coulomb’s law, and in the present 
book have been discussed (§§ 30—37) before the law was introduced. The 
conception of a tube of force follows at once from that of a line of force, 
on imagining lines of force drawn through the different points on a small 
closed curve. Let us extend to dielectrics one form of the definition of the 
strength of a tube of force which has already been used for a tube in air, and 
agree that the strength of a tube is to be measured by the charge enclosed 
by its positive end, whether in air or dielectric. 


In the dielectric condenser, the surface density on the positive plate is 


K-K : See iy 
K an 7 and this, by definition, is also the aggregate strength of the 
tubes per unit area of cross-section. The intensity in the dielectric is 
K-V 


qT 8° that in the dielectric the intensity is no longer, as in air, equal 


to 47 times the aggregate strength of tubes per unit area, but is equal to 
47r/K times this amount. 


Thus if P is the aggregate strength of the tubes per unit area of cross- 
section, the intensity & is related to P by the equation 


R — K P tome e ewer ererscesererececesseenns (5 9) 
in the dielectric, instead of by the equation 
de 4arP Si ceennes Rasssannardesene les satin (60) 


which was found to hold in air. 
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127. Equation (59) has been proved to be the appropriate generalisation 
of equation (60) only in a very special case. Faraday, however, believed the 
relation expressed by equation (59) to be universally true, and the results 
obtained on this supposition are found to be in complete agreement with 
experiment. Hence equation (59), or some equation of the same significance, 
is universally taken as the basis of the mathematical theory of dielectrics. 
We accordingly proceed by assuming the universal truth of equation (59), 
an assumption for which a justification will be found when we come to study 
the molecular constitution of dielectrics. 


It is convenient to have a single word to express the aggregate strength 
_ of tubes per unit area of cross-section, the quantity which has been denoted 
by P. We shall speak of this quantity ag the “ polarisation,” a term due to 
Faraday. Maxwell's explanation of the meaning of the term “ polarisation” 
is that “an elementary portion of a body may be said to be polarised when 
it acquires equal and opposite properties on two opposite sides.” Faraday 
explained the properties of dielectrics by means of his conception that the 
molecules of the dielectric were in a polarised state, and the quantity P 
is found to measure the amount of the polarisation at any point in the 
dielectric. We shall come to this physical interpretation of the quantity P 
at a later stage: for the present we simply use the term “ polarisation” as 
a name for the mathematical quantity P. 


This same quantity is called the “displacement” by Maxwell, and under- 
lying the use of this term also, there is a physical interpretation which we 
shall come upon later. 


128. We now have as the basis of our mathematical theory the 
following : 

DEFINITION. The strength of a tube of force is defined to be the charge 
enclosed by the positive end of the tube. 


Derinition. The polarisation at any point is defined to be the aggregate 
strength of tubes of force per unit area of cross-section. 


EXPERIMENTAL Law. The intensity at any point is 4m/K times the 
polarisation, where K is the inductive capacity of the dielectric at the pount. 


In this last relation, we measure the intensity along a line of force, while 
the polarisation is measured by considering the flux of tubes of force across 
a small area perpendicular to the lines of force. Suppose, however, that we 
take some direction 00’ making an angle @ with that of the lines of force. 
The aggregate strength of the tubes of force which cross an area dS 
perpendicular to 00’ will be Pcos@dS8, for these tubes are exactly those 
which cross an area dScos@ perpendicular to the lines of force. Thus, 
consistently with the definition of polarisation, we may say that the polari- 
sation in the direction OO’ is equal to Pcos@. Since the polarisation m 
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any direction is equal to P multiplied by the cosine of the angle between 
this direction and that of the lines of force, it is clear that the polarisation 
may be regarded as a vector, of which the direction is that of the lines of 
force, and of which the magnitude is P. 


The polarisation having been seen to be a vector, we may speak of its 
components f,g,h. Clearly f is the number of tubes per unit area which 
cross a plane perpendicular to the axis of 2, and so on. 


The result just obtained may be expressed analytically by the equations 


16 K K 


129. The polarisation P being measured by the aggregate strength of 
tubes per unit area of cross-section, it follows that if is the cross-section 
-at any point of a tube of strength e, we have e=wP. Now we have defined 
the strength of a tube of force as being equal to the charge at its positive 
end, so that by definition the strength e of a tube does not vary from point 
to point of the tube. Thus the product wP is constant along a tube, or 
wKR is constant along a tube, replacing the oe that wf is constant 
in air (§ 56). 


The value of the product wP at any point O of a tube, being equal to 
oKkKR 
4’ 
It is, however, known to be equal to the charge at the positive end of the 
tube. Hence it must also, from symmetry, be equal to minus the charge at 
the negative end of the tube. Thus the charges at the two ends of a tube, 
whether in the same or in different dielectrics, will be equal and opposite, 
and the numerical value of either is the strength of the tube. 


depends only on the physical conditions prevailing at the point 0. 


Gauss’ THEOREM. 


130. Let S be any closed surface, and let e be the angle between the 
direction of the outward normal to any element of surface dS and the direction 
of the lines of force at the element. The aggregate strength of the tubes of 
force which cross the element of area dS is P cose dS, and the integral 


i P cos e dS, 


which may be called the surface integral of normal polarisation, will measure 
the aggregate strength of all the tubes which cross the surface S, the strength 
of a tube being estimated as positive when it crosses the surface from inside 
to outside, and as negative when it crosses in the reverse direction. 


A tube which enters the surface from outside, and which, after crossing 
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the space enclosed by the surface, leaves it again, will add no contribution to 
| | PcosedS, its strength being counted negatively where it enters the 


surface, and positively where it emerges. A tube which starts from or ends 
on a charge ¢ inside the surface S will, however, supply a contribution to 


il Pcos ed on crossing the surface. If ¢ is positive, the strength of the 


tube is ¢; and, as it crosses from inside to outside, it is counted positively, 
and the contribution to the integral ise. Again, if ¢ is negative, the strength 
of the tube is —e, and this is counted negatively, so that the contribution is 
again é. 


Thus on summing for all tubes, 
[[ Peoseas =x, 


where F is the total charge inside the surface. The left-hand member is 
simply the algebraical sum of the strengths of the tubes which begin or end 
inside the surface; the right-hand member is the algebraical sum of the 
charges on which these tubes begin or end. Putting 

K 
the equation becomes I KR cos edS = 47 E. 


The quantity R cose is, however, the component of intensity along the 
outward normal, the quantity which has been previously denoted by JN, so 
that we arrive at the equation 


i | KNdS = Fes MIO ae (61). 


When the dielectric was air, Gauss’ theorem was obtained in the form 
j NdS =4qE. 


Equation (61) is therefore the generalised form of Gauss’ Theorem which 
must be used when the inductive capacity is different from unity. Since 


=— a. the equation may be written in the form 
[[#& as=-40n. 
on 


131. The form of this equation shews at once that a great many results 
which have been shewn to be true for air are true also for dielectrics other 
than air. 

It is obvious, for instance, that V cannot be a maximum or a minimum 
at a point in a dielectric which is not occupied by an electric charge: as 
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a consequence all lines of force must begin and end on charged bodies, 
a result which was tacitly assumed in defining the strength of a tube of 
force. 


A number of theorems were obtained in the discussion of the electrostatic 
field in air, by taking a Gauss’ Surface, partly in air and partly in a con- 
ductor, Gauss’ Theorem was used in the form 


i NdS =4rH, 


but we now see that if the inductive capacity of the conductor were not 
equal to unity, this equation ought to be replaced by equation (61). It is, 
however, clear that the difference cannot affect the final result; NV is zero 
inside a conductor, so that it does not matter whether NV is multiplied by K 
or not. 


Thus results obtained for systems of conductors in air upon the assumption 
that Coulomb’s law of force holds throughout the field are seen to be true 
whether the inductive capacity inside the conductors is equal to unity or not. 


The Equations of Poisson and Laplace. 
132. In § 49, we applied Gauss’ theorem to a surface which was formed 
by a small rectangular parallelepiped, of edges dx, dy, dz, parallel to the 


axes of coordinates. Ifwe apply the theorem expressed by equation (61) to 
the same element of volume, we obtain 


(ES) +m (Ko) +a (EE) =— 400 ny isehice (62), 


where p is the volume density of electrification. This, then, is the generalised 
form of Poisson’s equation: the generalised form of Laplace’s equation is 
obtained at once on putting p=0. 


In terms of the components of polarisation, equation (62) may be written 


Of , 2g | oh _ 

= ui By oe Ag TP otttssetetsseeeeeenseeeeess (63), 
while if the dielectric is uncharged, 

0g, len 

at ay a ie (64) 


Electric Charges in an infinite homogeneous Dielectric. 


133. Consider a charge e placed by itself in an infinite dielectric, If 
the dielectric is homogeneous, it follows from considerations of symmetry 
that the lines of force must be radial, as they would be in air. By application 
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of equation (61) to a sphere of radius r, having the point charge as centre, it 
is found that the intensity at a distance r from the charge is 
e 
Rr’ 
The force between two point charges e, ¢’, at distance r sly in a homo- 
geneous unbounded dielectric is therefore 


and the potential of any number of charges, obtained by integration of this 
expression, is 


Coulomb’s Equation. 


134. The strength of a tube being measured by the charge at its end, it 
follows that at a point just outside a conductor, P, the aggregate strength 
of the tubes per unit of cross-section, becomes numerically equal to o, the 
surface density. We have also the eae relation 


R= p, 


and on replacing P by a, we arrive at the generalised form of Coulomb’s 
equation, 


in which K is the inductive capacity at the point under consideration. 


CONDITIONS TO BE SATISFIED AT THE BOUNDARY OF A DIELECTRIC. 


135. Let us examine the conditions which will obtain at a boundary at 
which the inductive capacity changes abruptly from K, to Ky. 


The potential must be continuous in crossing the boundary, for if P, Q, 
are two infinitely near points on opposite sides of the boundary, the work done 
in bringing a small charge to P must be the same as that done in bringing 
it to Q. As a consequence of the potential being continuous, it follows that 
the tangential components of the intensity must also be continuous. For if 
P, Q are two very near points on different sides of the boundary, and P’, Q’ 
a similar pair of points at a small distance away, we have V»=V, and 
V, = Vj, so that 


Vp—Vp' _ Vo—Ve 
dene” OG Inu 
The expressions on the two sides of this equation are, however, the two 
intensities in the direction PP’, on the two sides of the boundary, which 
establishes the result. 
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Also, if there is no charge on the boundary, the aggregate strength of 
the tubes which meet the boundary in any small area on this boundary is 
the same whether estimated in the one dielectric or the other, for the tubes 
do not alter their strength in crossing the boundary, and none can begin or 
end in the boundary. Thus the normal component of the polarisation is 
continuous. 


136. If R, is the intensity in the first medium of inductive capacity K,, 
measured at a point close to the boundary, and if ¢, is the angle which the 
lines of force make with the normal to the boundary at this point, then the 
normal polarisation in the first medium is 


K. 
— R, cos €. 
Aor 


Similarly, that in the second medium is 


K, 
Te R, cos €, 


so that KR, COS 6) 2k ais COS €g secant sees medea veces? (68). 


Since, in the notation already used, 
, ov, 
R, cos Cee a 
the equation just obtained may be put in either of the forms 
LGN ree HN ies osc sinvce se oat eeesemenss (69), 


ov, OV, 


On 2 an eee eeee essere oereeeeeeoeresore 


In these equations, it is a matter of indifference whether the normal is 
drawn from the first medium to the second or in the reverse direction; it is 
only necessary that the same normal should be taken on both sides of the 
equation. Relation (70) is obtained at once on applying the generalised 
form of Gauss’ theorem to a small cylinder having parallel ends at infinitesimal 
distance apart, one in each medium. 


ky 


137. To sum up, we have found that in passing from one dielectric to 
another, the surface of separation being uncharged: 


(i) the tangential components of intensity have the same values on the 
two sides of the boundary, 


(ii) the normal components of polarisation have the same values. 


Or, in terms of the potential, 
(i) V ws continuous, 


(ii) S is continuous, 
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Refraction of the lines of force. 


138. From the continuity of the tangential components of intensity, it 
follows: ‘a 


(i) that the directions of R, and R,, the intensities on the two sides of 
the boundary, must lie in a plane containing the normal, and. 


(ii) that R, sin ¢ = R, sin e. 
Combining the last relation with equation (68), we obtain 
kK, cot q= K; cot Eg ceccccvacserrvecveccccesess (71). 


' From this relation, it appears that if K, is greater than K,, then « is greater 
than «, and vice versa. Thus in passing from a smaller value of K to a 
greater value of KX, the lines are bent away from the normal. In illustration 
of this, fig. 43 shews the arrangement of lines of force when a point charge 
is placed in front of an infinite slab of dielectric (K =7). 


Z 


i 


Fic. 43. 
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A small charged particle placed at any point of this field will experience 
a force of which the direction is along the tangent to the line of force through 
the point. The force is produced by the point charge, but its direction will 
not in general pass through the point charge. Thus we conclude that in 
a field in which the inductive capacity is not uniform the force between two 
point charges does not in general act along the line joining them. 


139. Asan example of the action of a dielectric let us imagine a parallel 
plate condenser in which a slab of dielectric of thickness ¢ is placed between 
the plates, its two faces being parallel to the plates and 
at distances a, 6 from them, so that a+6+¢=d, where 
d is the distance between the plates. 
It is obvious from symmetry that the lines of force = — 
are straight throughout their path, equation (71) being [iin 


satisfied by ¢ = «e=0. 


Let o be the charge per unit area, so that the polari- 
sation is equal to o everywhere. The intensity, by 
equation (67), is 


yy yy 
R=4e in air, va 
4a. ; 5 
and R= eo in dielectric. 


Hence the difference of potential between the plates, or the work done in 
taking unit charge from one plate to the other in opposition to the electric 
intensity, 


= dere .a+ oo.t+4mro.b 


a 


and the capacity per unit area is 
1 


Thus the introduction of the slab of dielectric has the same effect as 


moving the plates a distance @ _ z) t nearer together. 


Suppose now that the slab is partly outside the condenser and partly 
between the plates. Of the total area A of the condenser, let an area B be 
occupied by the slab of dielectric, an area A—B having only air between 
the plates. 
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The lines of force will be straight, except for those which pass near to the 
edge of the dielectric slab. N eglecting a small correction required by the 
curvature of these lines, the capacity C of the condenser is given by 


Ap 2 ,A-B 
der d—(1-z)é io 
stat B(1-z)t 


td gwd fd (1-2) 


a quantity which increases as B increases. If V is the potential difference 
and & the charge, the electrical energy — 


? 
=70V=3 5. 


If we keep the charge constant, the electrical energy increases as the 
slab is withdrawn. There must therefore be a mechanical force tending to 
resist withdrawal: the slab of dielectric will be sucked in between the plates 
of the condenser. This, as will be seen later, is a particular case of a general 
theorem that any piece of dielectric is acted on by forces which tend to 
drag it from the weaker to the stronger parts of an electric field of force. 


Charge on the Surface of a Dielectric. 


140. Let dS be any small area of a surface which separates two media 
of inductive capacities K,, K,, and let this bounding surface have a charge of 
electricity, the surface density over dS being o. If we apply 
Gauss’ Theorem to a small cylinder circumscribing dS we obtain 


2G Oar Blige (Napa ee Reet eae (72), 
OY, Vo ‘ 


where a in either medium denotes differentiation with respect 


to the normal drawn away from dS into the dielectric. 


141. As we have seen, the surface of a dielectric may be 
charged by friction. A more interesting way is by utilising 
the conducting powers of a flame. 


Fia. 45. 


Let us place a charge e in front of a slab of dielectric as in fig. 43. 
A flame issuing from a metal lamp held in the hand may be regarded as 
a conductor at potential zero. On allowing the flame to play over the 
surface of the dielectric, this surface is reduced to potential zero, and the 
distribution of the lines of force is now exactly the same as if the face of 
the dielectric. were replaced by a conducting plane at potential zero. The 
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lines of force from the point charge terminate on this plane, so that there 
must be a total charge —e spread over it. If the plane were actually a 
conductor this would be simply an induced charge. If, however, the plane 
is the boundary of a dielectric, the charge differs from an induced charge on 
a conductor in that it cannot disappear if the original charge e is removed. 
For this reason, Faraday described it as a “bound” charge. The charge has 
of course come to the dielectric through the conducting flame. 


MoLECULAR ACTION IN A DIELECTRIC. 


142. From the observed influence of the structure of a dielectric upon 
the electric phenomena occurring in a field in which it was placed, Faraday 
was led to suppose that the particles of the dielectric themselves took part 
in this electric action. After describing his researches on the electric 
action—“ induction” to use his own term—in a space occupied by dielectric 
he says*: 

“Thus induction appears to be essentially an action of contiguous parti- 
cles, through the intermediation of which the electric force, originating or 
appearing at a certain place, is propagated to or sustained at a distance....” 


“JInduction appears to consist in a certain polarised state of the particles, 
into which they are thrown by the electrified body sustaining the action, the 
particles assuming positive and negative points or parts...” 


“With respect to the term polarity..., 1 mean at present...a disposition 
of force by which the same molecule acquires opposite powers on different 
parts.” 


And again, latert, 


“I do not consider the powers when developed by the polarisation as 
limited to two distinct points or spots on the surface of each particle to be 
considered as the poles of an axis, but as resident on large portions of that 
surface, as they are upon the surface of a conductor of sensible size when it 
is thrown into a polar state.” 


“Tn such solid bodies as glass, lac, sulphur, etc., the particles appear to 
be able to become polarised in all directions, for a mass when experimented 
upon so as to ascertain its inductive capacity in three or more directions, 
gives no indication of a difference. Now, as the particles are fixed in the 
mass, and as the direction of the induction through them must change with 
its charge relative to the mass, the constant effect indicates that they can 
be polarised electrically in any direction.” 


* Experimental Researches, 1295, 1298, 1304. (Noy. 1837.) 
+ Experimental Researches, 1686, 1688, 1679. (June, 1838.) 
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“The particles of an insulating dielectric whilst under induction may be 
compared...to a series of small insulated conductors. If the space round 
a charged globe were filled with a mixture of an insulating dielectric and 
small globular conductors, the latter being at a little distance from each 
other, so as to be insulated, then these would in their condition and action 
exactly resemble what I consider to be the condition and action of the 
particles of the insulating dielectric itself. If the globe were charged, these 
little conductors would all be polar; if the globe were discharged, they would 
all return to their normal state, to be polarised again upon the recharging 
of the globe....” 


As regards the question of what actually the particles are which undergo 
this polarisation, Faraday says* : 


“An important inquiry regarding the electric polarity of the particles of 
an insulating dielectric, is, whether it be the molecules of the particular 
substance acted on, or the component or ultimate particles, which thus act 
the part of insulated conducting polarising portions.” 


“The conclusion I have arrived at is, that it is the molecules of the 
substance which polarise as wholes; and that however complicated the 
composition of a body may be, all those particles or atoms which are held 
together by chemical affinity to form one molecule of the resulting body 
act as one conducting mass or particle when inductive phenomena and 
polarisation are produced in the substance of which it is a part.” 


143. A mathematical discussion of the action of a dielectric constructed 
as imagined by Faraday, has been given by Mossotti, who utilised a mathe- 
matical method which had been developed by Poisson for the examination of 
a similar question in magnetism. For this discussion the molecules are 
represented provisionally as conductors of electricity. 


To obtain a first idea of the effect of an electric field on a dielectric of 
the kind pictured by Faraday, let us consider a parallel plate condenser, 


Fic. 46. 


* Experimental Researches, 1699, 1700. 
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having a number of insulated uncharged conducting molecules in the space 
between the plates. Imagine a tube of strength e meeting a molecule. At 
- the point where this occurs, the tube terminates by meeting a conductor, so 
that there must be a charge —e on the surface of the molecule. Since the 
total charge on the molecule is ni there must be a corresponding charge on 
the opposite surface, and this charge may be regarded as a point of restarting 
of the tube. The tube then may be supposed to be continually stopped and 
restarted by molecules as it crosses from one plate of the condenser to the 
other. At each encounter with a molecule there are induced charges —e, +¢ 
on the surface of the molecule. Any such pair of charges, being at only a 
small distance apart, may be regarded as forming a small doublet, of the kind 
of which the field of force was investigated in § 64. 


144, We have now replaced the dielectric by a series of conductors, the 
medium between which may be supposed to be air or ether. In the space 
between these conductors the law of force will be that of the inverse square. 
In calculating the intensity at any point from this law we have to reckon 
the forees from the doublets as well as the forces from the original charges 
on the condenser-plates. A glance at fig. 46 will shew that the forces from 
the doublets act in opposition to the original forces. Thus for given charges 
on the condenser-plates the intensity at any point between the plates is 
lessened by the presence of conducting molecules. 


This general result can be seen at once from the theorem of §121. The 
introduction of new conductors (the molecules) lessens the energy cor- 
responding to given charges on the plates, z.e. increases the capacity of the 
condenser, and so lessens the intensity between the plates. 


145. In calculating that part of the intensity which arises from the 
doublets, it will be convenient to divide the dielectric into concentric spherical 
shells having as centre the point at which the intensity is required. The 
volume of the shell of radii r and r+dr is 4ar* dr, so that the number of 
doublets included in it will contain r°dr as a factor. The potential produced 


by any doublet at a point distant r from it is © 2s so that the intensity 


will contain a factor a Thus the intensity arising from all the doublets in 


the shell of radii r, r+dr will depend on r through the factor 5dr 
dr 
or =, 
r 
The importance of the different shells is accordingly the same, as regards 
comparative orders of magnitude, as that of the corresponding contributions 


: d ous 
to the integral iS . The value of this integral is logr +a constant, and this 
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is infinite when r=0 and when r=oo, Thus the important contributions 
come from very small and very large values of r. It can however be seen 
that the contributions from large values of r neutralise one another, for the 
term cos @ in the potentials of the different doublets will be just as often 
positive as negative, 


Hence it is necessary only to consider the contributions from shells for 
which r is very small, so that the whole field at any point may be regarded 
as arising entirely from the doublets in the immediate neighbourhood of the 
point. The force will obviously vary as we move in and out amongst the 
molecules, depending largely on the nearness and position of the nearest 
molecules. If, however, we average this force throughout a small volume, we 
shall obtain an average intensity of the field produced by the doublets, and 
this will depend only on the strength and number of the doublets in and 
near to this element of volume. Obviously this average intensity near any 
point will be exactly proportional to the average strength of the doublets 
near the point, and this again will be exactly proportional to the strength of 
the inducing field by which the doublets are produced, so that at any point 
we may say that the average field of the doublets stands to the total field in 
a ratio which depends only on the structure of the medium at the point, 


146. Now suppose that our measurements are not sufficiently refined to 
enable us to take account of the rapid changes of intensity of the electric 
field which must occur within small distances of molecular order of magnitude. 
Let us suppose, as we legitimately may, that the forces which we measure 
are forces averaged through a distance which contains a great number of 
molecules. Then the force which we measure will consist of the sum of the 
average force produced by the doublets, and of the force produced by the 
external field. The field which we observe may accordingly be regarded as 
the superposition of two fields, or what amounts to the same thing, the 
observed intensity R may be regarded as the resultant of two intensities 
R,, R,, where 


R, is the average intensity arising from the neighbouring doublets, 


R, is the intensity due to the charges outside the dielectric, and to 
the distant doublets in the dielectric. 


These forces, as we have seen, must be proportional to one another, so 
that each must be proportional to the polarisation P. It follows that P is 
proportional to R, the ratio depending only on the structure of the medium 
at the point. If we take the relation to be 


then K is the inductive capacity at the point, and the relation between R 
and P is exactly the relation upon which our whole theory has been based. 
9 
J 
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147. The theory could accordingly be based on Mossotti’s theory, instead 
of on Faraday’s assumption, and from the hypothesis of molecular polarisa- 
tion we should be able to deduce all the results of the theory, by first 
deducing equation (73) from Mossotti’s hypothesis, and then the required 
results from equation (73) in the way in which they have been deduced in 
the present chapter. 


Thus the influence of the conducting molecules produces physically the 
same result as if the properties of the medium were altered in the way 
suggested by Faraday, and mathematically the properties of the medium are 
in either case represented by the presence of the factor K in equation (78). 


Relation between Inductive Capacity and Structure of Medium. 


148. The electrostatic unit of force was defined in such a way that the 
inductive capacity of air was taken as unity. It is now obvious that it would 
have been more scientific to have taken ether as standard medium, so that 
the inductive capacity of every medium would have been greater than unity. 
Unfortunately, the practice of referring all inductive capacities to air as 
standard has become too firmly established for this to be possible. The 
difference between the two standards is very slight, the inductive capacity 
of normal air in terms of ether being 1000590. Thus the inductive capacity 
of a vacuum may be taken to be ‘99941 referred to air. 


So long as the molecules are at distances apart which are great compared 
with their linear dimensions, we may neglect the interaction of the charges 
induced on the different molecules, and treat their effects as additive. It 
follows that in a gas K — K,, where K, is the inductive capacity of free ether, 
ought to be proportional to the density of the gas. This law is found to be 
in exact agreement with experiment*, 


149. It is, however, possible to go further and calculate the actual value 
of the ratio of K—K, to the density. We have seen that this will be 
a constant for a given substance, so that we shall determine its value in the 
simplest case: we shall consider a thin slab of the dielectric placed in a 
parallel plate condenser, as described in §139, Let this slab be of thickness e¢, 


and let it coincide with the plane of yz. Let the dielectric contain n mole- 
cules per unit volume. 


The element dydz will contain nedydz molecules. If each of these is 
a doublet of strength mw, the element dydz will have a field which will be 
equivalent at all distant points to that of a single doublet of strength 
nuedydz. This is exactly the field which would be produced if the two 
faces of the slab were charged with electricity of surface density + np. 


* Boltzmann, Wiener Sitzungsber. 69, p. 812. 


147-149] Molecular Theory 131 


We can accordingly at once find the field produced by these doublets—it 
is the same as that of a parallel plate condenser, in which the plates are at 
distance ¢ apart and are charged to surface density +n. There is no 


intensity except between the plates, and here the intensity of the field is 
4orn po. 7? 


Thus if R is the total intensity outside the slab, that inside will be 
R—-4rnp. If K is the inductive capacity of the material of the slab, and 
K, that of the free ether outside the slab, we have 


K,R = K(R —-4rnz), 
so that 


It remains to determine the ratio y/R. The potential of a doublet is 


S while that of the field R may be taken to be —Ra+C, Thus the total 
potential of a single doublet and the external field is 


© — Re +0, 


-and this makes the surface r=a an equipotential if F=R. Thus the 


surfaces of the molecules will be equipotentials if we imagine the molecules 
to be spheres of radius a, and the centres of the doublets to coincide with 
the centres of the spheres, the strength of each doublet being Ra’. 


Putting w = Ra’, equation (74) becomes* 


K—K, 
kK 


Now in unit volume of dielectric, the space occupied by the n molecules 


= 47na*, 


is = na’. Calling this quantity 0, we have s — 30, or, since our calcu- 


lations only hold on the hypothesis that @ is small, 


aod eG ke Se gs TO) 


If the lines of force went straight across from one plate of the condenser 


* Clausius (Mech. Warmetheorie, 2, p. 94) has obtained the relation 
Ea Ky _ 4 ays 

KEeok, oe af 
by considering the field inside a sphere of dielectric. The value of K must of course be inde- 
pendent of the shape of the piece of the dielectric considered. The apparent discrepancy in the 
two values of K obtained, is removed as soon as we reflect that both proceed on the assumption 
that K - Ko is small, for the results agree as far as first powers of K-Ko, Pagliani (Accad. dei 

Lincei, 2, p. 48) finds that in point of fact the equation 
K-Ko 
K 

agrees better with experiment than the formula of Clausius. 


=4rna3 
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to the other, the proportion of the length of each which would be inside a 
conductor would, on the average, be 6. Since there is no fall of a potential 
inside a conductor, the total fall of potential from one plate to the other 
would be only 1—@ times what it would be if the molecules were absent, 
and the ratio K/K, would be 1/(1—@) or, if @ is small, 1+. Since, 
however, the lines of force tend to run through conductors wherever possible, 
there is more shortening of lines of force than is shewn by this simple 
calculation. Equation (75) shews that when the molecules are spherical the 
effect is three times that given by this simple calculation. For other shapes 
of molecules the multiplying factor might of course be different. 


Equation (75) gives at once a method of determining @ for substances 
for which @ is small, namely gases, but, owing to the unwarranted assumption 
that the molecules are spherical, the results will be true as regards order of 
magnitude only. If the dielectric is a gas at: atmospheric pressure, the 
value of n is known, being about 2°705 x 10”, and this enables us to calculate 
the value of a. ; 


150. The following table gives series of values of = 
0 


for gases at atmo- 


spheric pressure: 


a calculated | a calculated 
Gas S observed eae Mean x (Mossotti’s (Theory of 
0 y Ko Theory) Gases) + 
Helium ces He 1:0000724 3 | 1:0000724 596 x10-8 | 1:10 x 1078 
Hydrogen Hz | 1:000264 1 | 1000264 916%107* 136x107 = 
1:000264 2 
Oxygen ... ase Oz 1:000543 3 1:000543 117x10-8 | 1-81 x10-8 
Argon ... soe Ar 1:000566 3 1°000566 1:18x10-8 | 1:°82x 107-8 
Air eae 505 _— 1°000590 1 1000588 || 1:19x10-8 | 1:87x10-8 
1:000586 2 : 
Nitrogen mae Nz 1°000594. 3 1:000594 1:20x10-8 | 1:90x10-8 
Carbon Monoxide | CO 1:000690 1 1000692 1:°26x10-8 | 1°89x10-8 
1°000694 2 
Carbon Dioxide CO, 1:000946 1 1:000965 1:40x10-8 | 2:°31x10-8 
1:000984 2 
Nitrous Oxide ... | N,O 1:000994 1 1°001082 1:46x10-8 | 9:32x%10-8 
1:001158 2 
Ethylene ... | CoH, | 1:001312 1 |1-001385 || 1:60x10-8 | 9-77~% 10-8 
1:001458 2 


* Authorities :—1. 
2. J. Klemenéié, Wiener Sitzungsber. 91, Dy ii: 


3. 


Boltzmann, Wiener Sitzungsber. 69, p. 795. 


These values are calculated from the refractive indices for Sodium Light. 
ft Jeans, Dynamical Theory of Gases, 4th Hdition, p. 327. 
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The last two columns give respectively the values of a calculated from 
equation (75), and the value of a given by the Theory of Gases. The two 
sets of values do not agree exactly—this could not be expected when we 
remember the magnitude of the errors introduced in treating the molecules 
as spherical. But what agreement there is supplies very nya at evidence 
as to the truth of the bikeny of molecular polarisation. 


151. It still remains to explain what physical property of the molecule 
justifies us in treating its surface as a perfect conductor. It has already 
been explained that all matter contains a number of negatively charged par- 
ticles or electrons. These form the outer layers of the atoms and molecules and 
it is by their motion that the conduction of electricity is effected. In a dielectric 
there is no conduction, so that each electron must remain permanently 
associated with the same molecule. There is, however, plenty of evidence 
that the electrons are not rigidly fixed to the molecules but are free to move 
within certain limits. The molecule may be regarded as consisting partially 
or wholly of a cluster of electrons, normally at rest in positions of equilibrium 
under the various attractions and repulsions present, but capable of vibrating 
about these positions. Under the influence of an external field of force, 
the electrons will move slightly from their equilibrium positions—we may 
imagine that a kind of tidal motion of electrons takes place in the molecule. 
Obviously, by the time that equilibrium is attained, the outer surface of the 
molecule must be an equipotential. This, however, is exactly what is required 
for Mossotti’s hypothesis. We may accordingly abandon the conception of 
conducting spheres, which was only required to make the surface of the 
molecule an equipotential, and may, without impairing the power of Mossotti’s 
explanation, replace these conducting spheres by shells of electrons, If in 
some way we can further replace these shells by rings of electrons in rapid 
orbital motion, the modified hypothesis will be in very close agreement with 
modern beliefs as to the structure of matter. 

On this view, the quantity a tabulated in the sixth column of the table 
on p. 182, will measure the radius of the outermost shell of electrons. Even 
outside this outermost shell, however, there will be an appreciable field of 
force, so that when two molecules of a gas collide there will in general be a 
considerable distance between their outermost layers of electrons. Thus if 
the collisions of molecules in a gas are to be regarded as the collisions of 
elastic spheres, the radius of these spheres must be supposed to be con- 
siderably greater than a. Now it is the radius of these imaginary elastic 
spheres which we calculate in the Kinetic Theory of Gases: there is therefore 
no difficulty i in understanding the differences between the two sets of values 
for a given in the table of p. 182. 

It is known that molecules are not in general spherical in shape, but, as 
we shall see below, there is no difficulty in extending Mossotti’s theory to 
cover the case of non-spherical molecules. 
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ANISOTROPIC MEDIA. 


152. There are some dielectrics, generally of crystalline structure, in 
which Faraday’s relation between polarisation and intensity is found not 
to be true. The polarisation in such dielectrics is not, in general, in the 
same direction as the intensity, and the angle between the polarisation and 
intensity and also the ratio of these quantities are found to depend on the 
direction of the field relatively to the axes of the crystal. We shall find that 
the conception of molecular action accounts for these peculiarities of crystalline 
dielectrics. 


Let us consider an extreme case in which the spherical molecules of 
fig. 46 are replaced by a number of very elongated or needle-shaped bodies. 
The lines of force will have their effective lengths shortened by an amount 
which depends on whether much or little of them falls within the material. of 
the needle-shaped molecules, and, as in § 149, there will be an equation of 
the form 


= =1+s0, 
where @ is the aggregate volume of the number of molecules which occur in 
a unit volume of the gas, and s is a numerical multiplier. But it is at once 
clear that the value of s will depend not only on the shape but also on the 
orientation of the molecules. Clearly the value of s will be greatest when 
the needles are placed so that their greatest length lies in the direction of 


Fie, 46a. Fie. 46d. Fic. 46c, 


the lines of force, as in fig. 46 a, and will be least when the needles lie at 
‘right angles to this position, as in fig. 46. Or to put the matter in another 
way, a piece of dielectric in which the molecules are needle-shaped and. 
parallel will exhibit different values of K according as the field of force is 
parallel or at right angles to the lengths of the needles. 
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This extreme case illustrates the fundamental property of crystalline 
dielectrics, but it ought to be understood that in actual substances the values 
of K do not differ so much for different directions as this extreme case might 
be supposed to suggest. For instance for quartz, one of the substances in 


which the difference is most marked, Curie finds the extreme values of K to 
be 4°55 and 4:49. 


* Before attempting to construct a mathematical theory of the behaviour 
of a crystalline dielectric we may examine the case of a dielectric having 
needle-shaped molecules placed parallel to one another, but so as to make 
any angle @ with the direction of the lines of force, as in fig. 46 c. 


It is at once clear that not only are the effective lengths of the lines of 
force shortened by the presence of the molecules, but also the directions of 
the lines of force are twisted. It follows that the polarisation, regarded as a 
vector as in § 128, must in general have a direction different from that of the 
average intensity F of the field. 


To analyse such a case we shall, as in § 146, regard the field near any 
point as the superposition of two fields: 


(i) the field which arises from the doublets on the neighbouring 
molecules, say a field of components of intensity X,, Y,, 4%; 


(ii) the field caused by the doublets arising from the distant molecules 
and from the charges outside the dielectric, say a field of components of 
intensity X,, Y,, 2. 


Clearly in the case we are now considering, the intensities A,, R, of 
these fields will not be in the same direction. 


The components of intensity of the whole field are given by 
X = X,4+ Xz, ete. 


To discuss the first part of the field, let us regard the whole field as 
the superposition of three fields, having respectively components (X, 0, 0), 
(0, Y, 0) and (0, 0, Z). If the molecules are spherical, or if, not being 
spherical, their orientations in space are distributed at random, then clearly 
the field of components (X, 0, 0) will induce doublets which will produce 
simply a field of components (K’X, 0, 0) where K’ is a constant. But if the 
molecules are neither spherical in shape nor arranged at random as regards 
their orientations in space, it will be necessary to assume that the induced 
doublets give rise to a field of components 


K',X, KX, KX. 
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On superposing the doublets induced by the three fields (X, 0, 0), 
(0, Y, 0) and (0, 0, Z), we obtain » 
X= Ky X4+ KV t+ KZ 
Y= K'pX + Kn VA Kp [ crcscevecveeceeeoees: (76). 
Z,=K'yX + K'yV + K'eZ 


Thus we have relations of the form 
4a f = Ky X + Ky V+ Ky Z 
4org'="KigX + KV A Bag Z f  ccnectacnecstses-s0es (77), 
Amh = Ky X + Ky Y + KyZ 


expressing the relations between polarisation and intensity. 


These are the general equations for crystalline media. We shall shortly 
prove (§ 176) that < 
Ws = ins ices — ee ta = Kis cece cence reece once (78), 


so that there are not nine, but only six, independent constants. 


NON-SPHERICAL MOLECULES. 


1524. A medium in which the molecules are not spherical but are oriented 
at random can be discussed in a similar way. The whole field (X, Y, Z) may 
be regarded as the superposition of three fields (X, 0, 0), (0, Y, 0) and (0, 0, Z). 
The induced doublets produced by the first field will produce a field of com- 
ponents 

, (EO XG 0,0), 
the components along Oy and Oz necessarily vanishing on account of the 
random orientation of the molecules. The other, fields similarly produce 
induced fields 

(0, K’Y, 0) and (0, 0, K’Z), 
whence we readily obtain equations of the form 
4nf=KX, 4rg=KY, 4crh= KZ. 


Thus Mossotti’s theory can readily be extended to non-spherical molecules, 
but the difficulty remains that according to modern views, a molecule does 
not consist of layers of electrons at rest, but of systems of electrons in orbital 
motion. It will not be possible to make the appropriate modification in the 
theory until the exact nature of this orbital motion is known. 
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EXAMPLES. 


1. A spherical condenser, radii a, b, has air in the space between the spheres. The 
inner sphere receives a coat of paint of uniform thickness ¢ and of a material of which 
the inductive capacity is K. Find the change produced in the capacity of the condenser. 

2. A conductor has a charge e, and V;, V2 are the potentials of two equipotential 
surfaces completely surrounding it (V;>V,). The space between these two surfaces is 
now filled with a dielectric of inductive capacity K. Shew that the change in the 
energy of the system is 


$e(V,— V2) (K-1)/K. 


‘3. The surfaces of an air-condenser are concentric spheres. If half the space between 
the spheres be filled with solid dielectric of specific inductive capacity HK, the dividing 
surface between the solid and the air being a plane through the centre of the spheres, 
shew that the capacity will be the same as though the whole dielectric were of uniform 
specific inductive capacity $(1+ 4). 


4. The radii of the inner and outer shells of two equal spherical condensers, remote 
from each other and immersed in an infinite dielectric of inductive capacity X, are 
respectively a and 6, and the inductive capacities of the dielectric inside the condensers 
are Ay, Kz. Both surfaces of the first condenser are insulated and charged, the second 
being uncharged. The inner surface of the second condenser is now connected to earth, 
‘and the outer surface is connected to the outer surface of the first condenser by a wire 
of negligible capacity. Shew that the loss of energy is 


@ {2(b-a) K+aK3} 
2Kb{(b—a) K+aK,}? 


where Q is the quantity of electricity which flows along the wire. 


5. The outer coating of a long cylindrical condenser is a thin shell of radius a, and 
the dielectric between the cylinders has inductive capacity A on one side of a plane 
through the axis, and A’ on the other side. Shew that when the inner cylinder is 
connected to earth, and the outer has a charge g per unit length, the resultant force on 
the outer cylinder is 

49? (K-K’) 
na(K+K’) 
per unit length. 


6. A heterogeneous dielectric is formed of m concentric spherical layers of specific 
inductive capacities Ay, Ho, ... A,,, starting from the innermost dielectric, which forms a 
solid sphere; also the outermost dielectric extends to infinity. The radii of the spherical 
boundary surfaces are @, 2, «.. Gn-1 respectively. Prove that the potential due to a 
quantity @ of electricity at the centre of the spheres at a point distant 7 from the centre 
in the dielectric X, is 


2 +- x) @ (--z-) Wel 
AG , a Le As Ag+ sk 
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7. A condenser is formed by two rectangular parallel conducting plates of breadth 
b and area A at distance d from each other. Also a parallel slab of a dielectric of thickness 
t and of the same area is between the plates. This slab is pulled along its length from 
between the plates, so that only a length x is between the plates. Prove that the electric 
force sucking the slab back to its original position is 


Qn Hdbt’ (d—t’) 

{A (d—t')+xbt'}?’ 
where t’/=t¢(K-1)/K, K is the specific inductive capacity of the slab, # is the charge, and 
the disturbances produced by the edges are neglected. 


8. Three closed surfaces 1, 2, 3 are equipotentials in an electric field. If the space 
between 1 and 2 is filled with a dielectric K, and that between 2 and 3 is filled with a 
dielectric K', shew that the capacity of a condenser having 1 and 3 for faces is C, given by 


Tiga! 
Cuan eR 
where A, B are the capacities of air-condensers having as faces the surfaces 1, 2 and 2, 3 
respectively. 


9. The surface separating two dielectrics (K,, X,) has an actual charge o per unit 
area. The electric forces on the two sides of the boundary are /,, FP, at angles ¢,, ce with 
the common normal, Shew how to determine J), and prove that 


4ro 
Ko cot co= Ky, cote Q- pp f 
2 Or ieee : Fass) 


10. The space between two concentric spheres radii a, 6 which are kept at potentials 
A, B, is filled with a heterogeneous dielectric of which the inductive capacity varies as 
the nth power of the distance from their common centre. Shew that the potential at any 
point between the surfaces is 


Aa®ti_ Bhrtl1 qetlpn+1 A=B 


Qeti_gntl ~— antl qnt1_gntl* 


11. A condenser is formed of two parallel plates, distant A apart, one of which is 
at zero potential. The space between the plates is filled with a dielectric whose inductive 


capacity increases uniformly from one plate to the other. Shew that the capacity per unit 
area is 


where A, and 4; are the values of the inductive capacity at the surfaces.of the plate. The 
inequalities of distribution at the edges of the plates are neglected. 


12. A spherical conductor of radius @ is ‘surrounded by a concentric spherical 
conducting shell whose internal radius is 6, and the intervening space is occupied by a 


dielectric whose specific inductive capacity at a distance r from the centre is oe . If the 
r 
inner sphere is insulated and has a charge £, the shell being connected with the earth, 


prove that the potential in the dielectric at a distance 7 from the centre is = log — 
c r(c+b)* 
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13. A spherical conductor of radius @ is surrounded by a concentric spherical shell of 
radius b, and the space between them is filled with a dielectric of which the inductive 
capacity at distance r from the centre is pe~? p~3 where p=7/a. Prove that the capacity 
of the condenser so formed is 

b2 
Qua (ea —e)-1, 


14. If the specific inductive capacity varies as e 2, where r is the distance from a 
fixed point in the medium, verify that a solution of the differential equation satisfied by 


the potential is 
a\2T = rr 
iC [ # -1- 2-5 Joos, 


and hence determine the potential at any point of a sphere, whose inductive capacity is 
the above function of the distance from the centre, when placed in a uniform field of 
force. 


15. Shew that the capacity of a condenser consisting of the conducting spheres r=a, 
r=b, and a heterogeneous dielectric of inductive capacity K=f (0, ), is 


ab : 
dn (b—@) [re ¢) sin 6 dé dd. 


16. In an imaginary crystalline medium the molecules are discs placed so as to be 
all parallel to the plane of zy. Shew that the components of intensity and polarisation 
are connected by equations of the form 


4nf=AyX+KnY; 4ng=Ky.X+ KooY ; 4rh= K3Z. 


CHAPTER VI 
THE STATE OF THE MEDIUM IN THE ELECTROSTATIC FIELD 


153. THE whole electrostatic theory has so far been based simply upon . 
Coulomb’s Law of the inverse square of the distance. We have supposed 
that one charge of electricity exerts certain forces upon a second distant 
charge, but nothing has been said as to the mechanism by which this action 
takes place. In handling this question there are two possibilities open. We 
may either assume “action at a distance” as an ultimate explanation—z.e. 
simply assert that two bodies act on one another across the intervening 
space, without attempting to go any further towards an explanation of how 
such action is brought about—or we may tentatively assume that some 
medium connects the one body with the other, and examine whether it is 
possible to ascribe properties to this medium, such that the observed action 
will be transmitted by the medium. Faraday and Maxwell followed the latter 
course. They refused to admit “action at a distance” as an ultimate explana- 
tion of electric phenomena, finding such action unthinkable unless transmitted 
by an intervening medium. 


154 It is worth enquiring whether there is any valid @ priort argument which 
compels us to resort to action through a medium. Some writers have attempted to use 
the phenomenon of Inductive Capacity to prove that the energy of a condenser must 
reside in the space between the charged plates, rather than on the plates themselves—for, 
they say, change the medium between the plates, keeping the plates in the same condition, 
and the energy is changed. A study of Faraday’s molecular explanation of the action in 
a dielectric will shew that this argument proves nothing as to the real question at issue. 
It goes so far as to prove that when there are molecules placed between electric charges, 
these molecules themselves acquire charges, and so may be said to be new stores of energy, 
but it leaves untouched the question of whether the energy resides in the charges on the 
molecules or in the ether between them. 


Again, the phenomenon of induction is sometimes quoted against action at a distance— 
a small conductor placed at a point P in an electrostatic field shews phenomena which 
depend on the electric intensity at P. This is taken to shew that the state of the ether 
at the point P before the introduction of the conductor was in some way different from 
what it would have been if there had not been electric charges in the neighbourhood. But 
all that is proved is that the state of the point P after the introduction of the conductor 
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will be different from what it would have been if there had not been electric charges in 
the neighbourhood, and this can be explained equally well either by action at a distance or 
action through a medium. The new conductor is a collection of positive and negative 
charges : the phenomena under question are produced by these charges being acted upon 
by the other charges in the field, but whether this action is action at a distance or action 
through a medium cannot be told. 


Indeed, it will be seen that, viewed in the light of the electron-theory and of Faraday’s 
theory of dielectric polarisation, electrical action stands on just the same level as 
gravitational action. In each case the system of forces to be explained may be regarded 
as a system of forces between indestructible centres, whether of electricity or of matter, 


and the law of force is the law of the inverse square, independently of the state of the 
space between the centres. Now no scientist would claim that there is any @ prior proof 


that gravitation is transmitted through a medium—indeed the trend of opinion at present 
is quite in the opposite direction—and this fact in itself suffices to shew that there is no 
@ priory means of establishing that electrical action is transmitted through a medium. 


Failing an @ priort argument, an attempt may be made to disprove action at a distance, 
or rather to make it improbable, by an appeal to experience. It may be argued that as 
all the forces of which we have experience in every-day life are forces between substances 
in contact, therefore it follows by. analogy that forces of gravitation, electricity and 
magnetism, must ultimately reduce to forces between substances in contact—z.e. must be 
transmitted through a medium. Upon analysis, however, it will be seen that this argument 
divides all forces into two classes : 


(a) Forces of gravitation, electricity and magnetism, which appear to act at a 
distance. 


(8) Forces of pressure and impact between solid bodies, hydrostatic pressure, etc. 
which appear to act through a medium. 


The argument is now seen to be that because class (8) appear to act through a medium, 
therefore class (a) must in reality act through a medium. The argument could, with equal 
logical force, be used in the exactly opposite direction : indeed it has been so used by the 
followers of Boscovitch. The Newtonian discovery of gravitation, and of apparent action 
at a distance, so occupied the attention of scientists at the time of Boscovitch that it 
seemed natural to regard action at a distance as the ultimate basis of force, and to 
try to interpret action through a medium in terms of action at a distance. The reversion 
from this view came, as has been said, with Faraday. 


Hertz’s subsequent discovery of the finite velocity of propagation of electric action, 
which had previously been predicted by Maxwell’s theory, came to the support of Faraday’s 
view. To see exactly what is meant by this finite velocity of propagation, let us imagine 
that we place two uncharged conductors A, B at a distance r from one another. By 
charging A, and so performing work at A, we can induce charges on conductor , and 
when this has been done, there will be an attraction between conductors 4 and B. We 
can suppose that conductor A is held fast, and that conductor B is allowed to move 
towards A, work being performed by the attraction from conductor 4. We are now 
recovering from B work which was originally performed at A. The experiments of Hertz 
shew that a finite time is required before any of the work spent at 4 becomes available 
at B. A natural explanation is to suppose that work spent on A assumes the form of 
energy which spreads itself out through the whole of space, and that the finite time 
observed before energy becomes available at B is the time required for the first part of 
the advancing energy to travel from A to B, This explanation involves regarding energy 
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as a definite physical entity, capable of being localised in space. It ought to be noticed 
that our senses give us no knowledge of energy as a physical entity : we experience force, 
not energy. And the fact that energy appears to be propagated through space with finite 
velocity does not justify us in concluding that it has a real physical existence, for, as we 
shall see, the potential appears to be propagated in the same way, and the potential can 
only be regarded as a convenient mathematical fiction. 


155. Although no sufficient reason has been found compelling us to 
ascribe electric action to the presence of an intervening medium, we are still 
free to assume, as a hypothesis, that such a medium exists and that electric 
action is transmitted through this medium. As various electric and electro- 
magnetic phenomena are discussed we shall examine what properties would 
have to be attributed to the medium to account for these properties. If it is 
found that contradictory properties would have to be ascribed to the medium, 
then the hypothesis of action through an intervening medium will have to be 
abandoned. If the properties are found to be consistent, then the hypotheses 
of action at a distance and action through a medium are still both in the 
field, but the latter becomes more or less probable just in proportion as -the 
properties of the hypothetical medium seem probable or improbable. We shall 
return to the general question of the existence of a medium in Chapter xx. 


156. Since electric action takes place even across-the most complete 
vacuum obtainable, we conclude that if this action is transmitted by a 
medium, this medium must be the ether. Assuming that the action is 
transmitted by the ether, we must suppose that at any point in the electro- 
static field there will be an action and reaction between the two parts of the 
ether at opposite sides of the point. The ether, in other words, is in a state 
of stress at every point in the electrostatic field. Before discussing the 
particular system of stresses appropriate to an electrostatic field, we shall 
investigate the general theory of stresses in a medium at rest. 


GENERAL THEORY OF STRESSES IN A MEDIUM AT REST, 


157. Let us take a small area dS in the medium perpendicular to the 
axis of x Let us speak of that part of the medium near to dS for which 
is greater than its value over dS as x,, and that for which « is less than this 
value as #_, so that the area dS separates the two regions #, and a_. 
Those parts of the medium by which these two regions are occupied exert 
forces upon one another across dS, and this system of forces is spoken of as 
the stress across dS. Obviously this stress will consist of an action and 
reaction, the two being equal and opposite. Also it is clear that the amount 
of this stress will be proportional to dS. 


Let us assume that the force exerted by 2, on a has components 


B,d8, BydS, Bas, 
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then the force exerted by w_ on x, will have components 
= F,08, aa £,d8, aad F.a8. 


The quantities R,, Ry, B, are spoken of as the components of stress 


perpendicular to Ox. Similarly there will be components of stress Pz, By, 


Fyz perpendicular to Oy, and components of stress Bz, By, PR, perpendicular 
to Oz. 


Let us next take a small parallelepiped in the 

medium, bounded by planes 
w@=§& w=F&+dz; 
y= y=ntdy; : 
z=, z=€+4dz. 

The stress acting upon the parallelepiped 
across the face of area dydz in the plane = & 
will have components 

— (Fen)ume dy dz, —(Ery)e-edydz, —(Fz)nusdydz, 
while the stress acting upon the parallelepiped across the opposite face will 
have components 
(Biz)embede dy dz, (Tay ratvde dy dz, (Fez)nmt+ andy dz. 


Compounding these two stresses, we find that the resultant of the stresses 
acting upon the parallelepiped across the pair of faces parallel to the plane 
of yz, has components 


oP, 
See —— dxdydz, 


Similarly from the other pairs of faces, we get resultant forces of com- 
ponents 


Fic. 47. 


oF; 


Ft dedyde, Oh 


am a, dady de. 


oe dadyde, oe dedade, ae cleats 
and z dxadydz, ~ dxadydz, = dxdydz. 


For generality, let us suppose that in addition to the action of these 
stresses the medium is acted upon by forces acting from a distance, of 
amount &, H, Z per unit volume. The components of the forces acting on 
the parallelepiped of volume dadydz will be 


Eidadydz, Hdadydz, Zdxadydz. 


Compounding all the forces which have been obtained, we obtain as equations 


f librium 
of equilibr ' 9Pz 0Py OPe_ 
ae oy Oz 


and two similar equations. 
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158. These three equations ensure that the medium shall have no 
motion of translation, but for equilibrium it is also necessary that there 
should be no rotation. To a first approximation, the stress across any face 
may be supposed to act at the centre of the face, and the force A, H, Z at 
the centre of the parallelepiped. Taking moments about a line through the 
centre parallel to the axis of Oz, we obtain as the equation of equilibrium 


P= Bo a0) jeceetadteun lee emer (80). 


This and the two similar equations obtained by taking moments about 
lines parallel to Oy, Oz ensure that there shall be no rotation of the medium. 
Thus the necessary and sufficient condition for the equilibrium of the medium 
is expressed by three equations of the form of (79), and three equations of the 
form of (80). 


159. Suppose next that we take a small area dS anywhere in the 
medium. Let the direction cosines of the normal 
to dS be +1, +m, +n. Let the parts of the 
medium close to dS and on the two sides of it be 
spoken of as S, and S_, these being named so 
that a line drawn from dS with direction cosines 
+1,+m, +n will be drawn into S,, and one 
with direction cosines —?, —m, —n will be drawn 
into S_. Let the force exerted by S, on S_ 
across the area dS have components 


FdS, Gds, HdS, 


then the force exerted by S_ on S, will have 
components 


—FdS, -—GdS, —Hds8. 


The quantities , G, H are spoken of as the components of stress across 
a plane of direction cosines J, m, n. 


To find the values of F, G, H, let us draw a small tetrahedron having 
three faces parallel to the coordinate planes and a fourth having direction 
cosines 1, m,n. If dS is the area of the last face, the areas of the other 
faces are ldS, mdS, ndS and the volume of the parallelepiped is 


4V2lmn (ds). Resolving parallel to Ow, we have, since the medium inside 
ae tetrahedron is in equilibrium, 


4/2imn (dS)? B — dS, —mdSPB,—ndSP, + FdS = 0, 
giving, since dS is supposed vanishingly small, 
fed ee ab ON rec ta (Nottm a So Pain poe feese(OL) 


and there are two similar equations to determine @ and H, 
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160. Assuming that equation (80) and the two similar equations are 
satisfied, the normal component of stress across the plane of which the 
direction cosines are 1, m, n is 


IFimG+nH= PE +m Fy +E, + 2mnB, + 2nlRz + 2lmBy. 
The quadric 
O? Fe + YP Ly + 2 Bz + 2y2 Pye + 220 Pee + Ley Pry =1 veseeeses (82) 


is called the stress-quadric. If r is the length of its radius vector drawn in 
the direction J, m, n, we have 


7 (PEee + My, +n? P, + 2mnB, + 2nl Bz + 2mPy) =1. 


It is now clear that the normal stress across any plane /, m,n is measured 
by the reciprocal of the square of the radius vector of which the direction 
cosines are 1, m,n. Moreover the direction of the stress across any plane 
l, m,n is that of the normal to the stress-quadric at the extremity of this 
radius vector. For r being the length of this radius vector, the coordinates 
of its extremity will be rl, rm, rn. The direction cosines of the normal at 
this point are in the ratio 


rl, trmRy +rnBz: rlRy +rmBy+rnk,: rE, +rmP,+ rnb, 
or F:G: H, which proves the result. 


The stress-quadric has three principal axes, and the directions of these 
are spoken of as the axes of the stress. Thus the stress at any point has 
three axes, and these are always at right angles to one another. If a small 
area be taken perpendicular to a stress axis at any point, the stress across 
this area will be normal to the area. If the amounts of these stresses are 
P, PB, BR, then the equation of the stress-quadric referred to its principal 
vxes will be 


RE+ hp + hO=1. 


Clearly a positive principal stress is a simple tension, and a negative 
principal stress is a simple pressure. 


As simple illustrations of this theory, it may be noticed that 


(i) For a simple hydrostatic pressure P, the stress-quadric becomes an imaginary 


sphere P(4rtti)=-1. 


The pressure is the same in all directions, and the pressure across any plane is at right 
angles to the plane (for the tangent plane to a sphere is at right angles to the radius 
vector). 

(ii) For a simple pull, as in a rope, the stress-quadric degenerates into two parallel 


lanes 
4 Pi=1, 


7 10 
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THE STRESSES IN AN ELECTROSTATIC FIELD. 


161. If an infinitesimal charged particle is introduced into the electric 
field at any point, the phenomena exhibited by it must, on the present view 
of electric action, depend solely on the state of stress at the point. The 
phenomena must therefore be deducible from a knowledge of the stress- 
quadric at the point. The only phenomenon observed is a mechanical force 
tending to drag the particle in a certain direction—namely, in the direction 
of the line of force through the point. Thus from inspection of the stress- 
quadric, it must be possible to single out this one direction. We conclude 
that the stress-quadric must be a surface of revolution, having this direction 
for its axis. The equation of the stress-quadric at any point, referred to 
its principal axes, must accordingly be 


PPAR te £2) lies th) eae eee (83), 


where the axis of & coincides with the line of force through the point. Thus 
the system of stresses must consist of a tension R along the lines of force, 
and a tension #& perpendicular to the lines of force—and if either of the 
quantities R or B is found to be negative, the tension must be interpreted 
as a pressure. 


‘Since the electrical phenomena at any point depend only on the stress- 
quadric, it follows that A must be deducible from a knowledge of R and R. 
Moreover, the only phenomena known are those which depend on the 
magnitude of A, so that it is reasonable to suppose that the only quantity 
which can be deduced from a knowledge of FR and £& is the quantity R— 
in other words, that R and £& are functions of R only. We shall for the 
present assume this as a provisional hypothesis, to be rejected if it is found 
to be incapable of explaining the facts. 


162. The expression of # as a function of R can be obtained at once 
by considering the forces acting on a charged conductor. Any element dS 


P 2 
of surface experiences a force # as urging it normally away from the con- 


ductor. On the present view of the origin of the forces in the electric field, 
we must interpret this force as the resultant of the ether-stresses on its two 
sides. Thus, resolving normally to the conductor, we must have 
R? 
3, WS = (Ade dS —(R) dS, 
where (2)r, (R), denote the values of RB when the intensity is R and 0 
respectively. Inside the conductor there is no intensity, so that the 
stress-quadrics become spheres, for there is nothing to differentiate one 
direction from another. Any value which (4). may have accordingly arises 
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simply from a hydrostatic pressure or tension throughout the medium, and 
this cannot influence the forces on conductors. Leaving any such hydrostatic 


pressure out of account, we may take (R),=0, and so obtain (R), in the 
form 


163. We can most easily arrive at the function of R which must be 
taken to express the value of R, by considering a special case. 


Consider a spherical condenser formed of spheres of radii a,b. If this 
condenser is cut into two equal halves by a plane through its centre, the 
two halves will repel one another. This action must now be ascribed to the 
stresses in the medium across the plane of section. Since the lines of. force 
are radial these stresses are perpendicular to the lines of force, and we see 
at once that the stress perpendicular to the lines of force is a pressure. To 
calculate the function of R which expresses this pressure, we may suppose 
b —a equal to some very small quantity c, so that R may be regarded as 
constant along the length of a line of force.: The area over which this 
pressure acts is 7(b?— a), and since the pressure per unit area in the 
medium perpendicular to a line of force is —f&, the total repulsion 
between the two halves of the condenser will be — Ra(b? — a’). 


The whole force on either half of the condenser is however a force 270* 
per unit area over each hemisphere, normal to its surface. The resultant of 
all the forces acting on the inner hemisphere is za? x 270%, or putting 
2cra*c = E, so that £ is the charge on either hemisphere, this force is ?/2a?. 
Similarly, the force on the hemisphere of radius } is.#?/2b°, Thus the re- 
sultant repulsion on the complete half of the condenser is $ E? é - 3) . Since 


this has been seen to be also equal to — Lz (b?—a?), we have 
4 R? 


= = 2 — 
Ne = i 2700 8 
on taking a = b in the limit. 


Thus in order that the observed actions may be accounted for, it is 
necessary that we have 
R R 
ia Sor ? == ee ° 
Moreover, if these stresses exist, they will account for all the observed 
mechanical action on conductors, for the stresses result in a mechanical force 


Ina? per unit area on the surface of every conductor. 


164. Tt remains to examine whether these stresses are such as can be 


transmitted by an ether at rest. 
1O==2 
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As'a preliminary we must find the values of the stress-components = 
By, ... referred to fixed axes Ox, Oy, Oz. 


The stress-quadric at any point in the ether, referred to its principal axes, 
is seen on comparison with equation (88) to be 


R? 
eka 
Here the axis of £ is in the direction of the line of force at the point. 


Let the direction-cosines of this direction be l,, m,, 7m. Then on SI 
to axes Ox, Oy, Oz we may replace & by a + my + 2. 


Equation (85) may be replaced by 
Ri 
= BE (G++ =1, 


and on transforming axes &+ 7?+ ¢? transforms into a7+y?+2*. Thus the 
transformed equation of the stress-quadric is 


R 
gy 2 he tmy + mzP— (+ y+ 2)p= 1 


Comparing with equation (82), we obtain 
R? , . 


R? 
R= = 


¥| 
o— 
bo 
ee 
= 
wa 


and similar values for the remaining components of stress 


Or again, since A=LRy Yom kh, 97 =74BR) 


these equations may be expressed in the form 
1 
tes ee an (Xx? ss y2 = 2°), 


XY 
Toy = “ae 


In this system of stress- -components, the relations BR, = BR, are satisfied, 


as of course they must be since the system of stresses has been derived by 
assuming the existence of a stress-quadric. 


Thus the stresses do not set up 

rotations in the ether (cf. equation (80)). 
In order that there may be also no tendency to translation, the stress- 
omponents must satisfy equations of the type 


ae ees 
Conioy (tees 


expressing that no forces beyond these stresses are required to keep the 
ether at rest (cf. equation (79)). 
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On substituting the values of the stress-components, we have 


Olea Oley. Oles 
“oe * Oy “Oy fe oz 
1 
- eee? 2) 42 OXY) += 7 2xm)h 
1 Ox "OY uae oX OY OX OZ 
es 2x (= os ere Saige 
~ Bar | x AY 428), ma a) + 22 (Fe a 
On putting 
Ki Sone = Mmyew se! Eun arinesod Vo 
ox oy dz ’ 


we find at once that 
aX oY av eV _, 
dy 0x andy dwoy’ 
aX of av eV | 
Oz Sea ae Oa os 
aX OY a __ (eV eV eV) _ 
do Oy Oa aria ie 


shewing that equation (88) is satisfied. 


0, 


165. Thus, to recapitulate, we have found that a system of stresses 
consisting of 


, rele ig 5 ‘ aes 2 
(i) a tension Sq Per unit area in the direction of the lines of force, 


(ii) a pressure g,, Per unit area perpendicular to the lines of force, 


is one which can be transmitted by the medium, in that it does not tend to 
set up motions in the ether, and is one which will explain the observed 
forces in the electrostatic field. Moreover it is the only system of stresses 
capable of doing this, which is such that the stress at a point depends only 
on the electric intensity at that point. 


Examples of Stress. 


166. Assuming this system of stresses to exist, it is of value to try to 
picture the actual stresses in the field in a few simple cases. 


Consider first the field surrounding a point charge. The tubes of force 
are cones. Let us consider the equilibrium of the ether enclosed by a 
frustum of one of these cones which is bounded by two ends p, q. If 
@»y, @g are the areas of these ends, we find that there are tensions of 
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2 2 fs 
amounts 7 a Since R,w,=R,«,, the former is the greater. 


so that the forces on the two ends have as 

resultant ‘a force tending to move the ether 

inwards towards the charge. This tendency ; 
is of course balanced by the pressures acting 

on the curved surface, each of which has a 

component tending to press the ether inside 

the frustum away from the charge. 


167. A more complex example is afforded Fie. 49. 


by two equal point charges, of which the lines of force are shewn in 
fig. 50. 


Fic. 50. 


The lines of force on either charge fall thickest on the side furthest 
removed from the other charge, so that their resultant action on the charges 
amounts to a traction on the surface of each tending to drag it away from 
the other, and this traction appears to us as a repulsion between the bodies. 


We can examine the matter in a different way by considering the action 
and reaction across the two sides of the plane which bisects the line joining 
the two charges. No lines of force cross this plane, which is accordingly 


made up entirely of the side walls of tubes of force. Thus there is a pressure 
2 


3, Per unit area acting across this plane at every point. The resultant of 


all these pressures, after transmission by the ether from the plane to the 


charges immersed in the ether, appears as a force of repulsion exerted by 
the charges on one another. 
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ENERGY IN THE MeEpIuM. 


168. In setting up the system of stresses in a medium originally un- 
stressed, work must be done, analogous to the work done in compressing 
a gas. This work must represent the energy of the stressed medium, and 
this in turn must represent the energy of the electrostatic field. Clearly, 
from the form of the stresses, the energy per unit volume of the medium 
at any point must be a function of R only. To determine the form of this 
function, we may examine the simple case of a parallel plate condenser, 


P+} 
and we find at once that the function must be ay 


We have now to examine whether the energy of any electrostatic field 


2 
can be regarded.as made up of a contribution of amount + per unit volume 
from every part of the field. 


In fig. 51, let PQ be a tube of force of strength e, passing from P at 
potential V, to Q at potential V,. The ether inside this tube of force ~ 


R? : 
being supposed to possess energy 3, per unit volume, 


the total energy ‘enclosed by the tube will be . 
2 R Q 
— ods, 
p 89 
where is the cross section at any point, and the 
integration is along the tube. Since Rw = 47e, 


: c Fie, 51. 
this expression 


This, however, is exactly the contribution made by the charges +e at 
P, Q to the expression 4 eV. Thus on summing over all tubes of force, we 
find that the total energy of the field 4 2eV may be obtained exactly, by 


Ee : 
assigning energy to the ether at the rate of 8, Per unit volume. 


Energy in a Dielectric. 


169. By imagining the parallel plate condenser of § 168 filled with 
dielectric of inductive capacity K, and calculating the energy when charged, 


GS: 
we find that the energy, if spread through the dielectric, must be ree 


per unit volume. 
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Let us now examine whether the total energy of any field can be regarded 
as arising from a contribution of this amount per unit volume. The energy 
contained in a single tube of force, with the notation already used, will be 


or, since Ae P, where P is the polarisation, this energy 
T 


Q 
= | LRPods 
P 


@ 
=e | Rds 
P 
= 46(Vp— Vi), 
so that the total energy is } XeV, as before. Thus a distribution of energy of 


2 


= per unit volume will account for the energy of any field, 


amount 


Crystalline dielectrics. 


170. We have seen (§ 152) that in a crystalline dielectric, the com- 
ponents of polarisation and of electric intensity will be connected by equations 
of the form 


4mg = KX + KnV + Kyl 

Aah = Ky,X + KugY + KZ 

The energy of any distribution of electricity, no matter what the dielectric 
may be, will be 2#V. If VY, V; are the potentials at the two ends of 
a unit tube, the part of this sum which is contributed by the charges at the 
ends of this tube will be $(V,—J,). If 0/ds denote differentiation along the 
tube, this may be written —4 | or ds, or again — 4 | Po ds, where P is the 


polarisation, and the cross section of the tube. Thus the energy may be 


4of = KyX + Ky V+ KnZ 


supposed to be distributed at the rate of —4 ae per unit volume. If cis the 
angle between the direction of the polarisation and that of the electric 
intensity, we have — oF = Roos ¢, so that the energy per unit volume 


=$RPcose=h (fX+GV+AZ) ......ccccccveeess (90). 


In a slight increase to the electric charges, the change in the energy of 


the system is, by § 109, equal to 262, so that the change in the energy per 
unit volume of the medium is 


SW = X8f+ V8q + Zoh. 


Thus RLM Godt Re DIL cays yee (IN: 
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From formulae (89) and (90), we must have 
W=4(fX +9V +hZ) 


1 
— oe {Ky X? + (Ky,+ Kn) AY+ wa}, 
from which aes 


ow 1 
aN = 77 (KuX +3 (Ku + Kn) Y+4(K; + Ku) Zh. 


We must also have 


OW _oW of , OW a9 | aW oh 
aX ~ Of OX" Og OX * oh ax 


1 
= ae ea. ¢ a KnY+ Ky4}. 


Comparing these expressions, we see that we must have 
Ky=Ky, Ky=Ku, Kos = Kop. 


The energy per unit volume is now 


it 
= (Kn X*-+ 2B gE Vt os.) ersecrscssceecoses (92). 


MAXWELL’s DISPLACEMENT THEORY. 


171. Maxwell attempted to construct a picture of the phenomena 
occurring in the electric field by means of his conception of “electric dis- 
placement.” Electric intensity, according to Maxwell, acting in any medium— 
whether this medium be a conductor, an insulator, or free ether—produces 
a motion of electricity through the medium. It is clear that Maxwell’s 
conception of electricity, as here used, must be wider than that which we 
have up to the present been using, for electricity, as we have so far under- 
stood it, is incapable of moving through insulators or free ether. Maxwell’s 
motion of electricity in conductors is that with which we are already familiar. 
As we have seen, the motion will continue so long as the electric intensity 
continues to exist, According to Maxwell, there is also a motion in an 
insulator or in free ether, but with the difference that the electricity cannot 
travel indefinitely through these media, but is simply displaced a small 
distance within the medium in the direction of the electric intensity, the 
extent of the displacement in isotropic media being exactly proportional 
to the intensity, and in the same direction. 

The conception will perhaps be understood more clearly on comparing a conductor to 
a liquid and an insulator to an elastic solid. A small particle immersed in a liquid will 
continue to move through the liquid so long as there is a force acting on it, but a particle 
immersed in an elastic solid will be merely “displaced” by a force acting on it. The 
amount of this displacement will be proportional to the force acting, and when the force 
is removed, the particle will return to its original position. 
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Thus at any point in any medium the displacement has magnitude and 
direction. The displacement, then, is a vector, and its component in any 
direction may be measured by the total quantity of electricity per unit area 
which has crossed a small area perpendicular to this direction, the quantity 
being measured from a time at which no electric intensity was acting. 


172. Suppose, now, that an electric field ‘is gradually brought into 
existence, the field at any instant being exactly similar to the final field 
except that the intensity at each point is less than the final intensity in 
some definite ratio «. Let the displacement be ¢ times the intensity, so 
that when the intensity at any point is «R, the displacement is ccR. The 
direction of this displacement is along the lines of force, so that the 
electricity may be regarded as moving through the tubes of force: the lines 
of force become identical now with the current-lines of a stream, to which 
they have already been compared. 


Let us consider a small element of volume cut off by two adjacent 
equipotentials and a tube of force. Let the cross section of the tube of 
force be w, and the normal distance between the equipotentials where they 
meet the tube of force be ds, so that the element under 
consideration is of volume wds. On increasing the intensity 
from «R to (« + dx) R, there is an increase of displacement 
from cceh to c(«+dx) Rf, and therefore an additional dis- 
placement of electricity of amount cRd« per unit area. — 


Thus of the electricity originally inside the small element 
of volume, a quantity cRwdx flows out across one of the 
bounding equipotentials, whilst an equal quantity flows in 
across the other. Let VY, VY be the potentials of these 
surfaces, then the whole work done in displacing the electricity originally 
inside the element of volume wds, is exactly the work of transferring a 
quantity cRd« of electricity from potential YW to potential %. It is 
therefore cRw(V,—V,)d« and, since -Vi=«xRds, this may be written as 
ch?wdsxdx. Thus as the intensity is increased from 0 to R, the total work 
spent in displacing the electricity in the element of volume wds 


Fic. 52. 


iL 
: | cH? (wds) ede'=4oR. wae. 
0 


This work, on Maxwell’s theory, is simply the energy stored up in the 
element of volume wds of the medium, and is therefore equal to eo 


87 
Ii : 
Thus c must be taken equal to cpa and the displacement at any point is 
measured by 
R 


4ur* 
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If the element of volume is taken in a dielectric of inductive capacity K, 
2 


ok. 
the energy is — , 80 that c= = and the displacement is 


Air’ 
KR 


ar * 


173. It is now evident that Maxwell’s “displacement” is identical in 
magnitude and direction with Faraday’s “polarisation” introduced in 


Chap. v. 
Denoting either quantity by P, we had the relation 


| Peon IR ay See (98), 


expressing that the normal component of P integrated over any closed 
surface is equal to the total charge inside. On Maxwell’s interpretation of 


the quantity P, the surface integral i | P cosedS simply measures the total 


quantity of electricity which has crossed the surface from inside to outside. 
Thus equation (93) expresses that the total outward displacement across any 
closed surface is equal to the total charge inside. 


If we now follow Maxwell in supposing that electricity is of two kinds, 


(i) the kind which appears as a charge on an electrified body, 
(ii) the kind which Maxwell imagines to occupy the whole of space, and to 
undergo displacement when electric action takes place, 


then it appears that any increase of electricity of kind (i) inside any closed 
surface is accompanied by an exactly equal decrease of electricity of kind (ii). 
In other words the sum total of the two kinds of electricity inside any closed 
surface remains constant. 


174. It will be understood that Maxwell’s theory of electrical displace- 
ment attempts to give a physical picture of the processes of the electric field, 
but that the truth of the picture is by no means essential to the mathematical 
theory of electricity. The displacement theory is historically important because 
it led Maxwell to the hypothesis of displacement currents which form the 
foundation of his electromagnetic theory of light (Chap. xv). But we shall 
see later that the general electromagnetic theory can be developed without 
the preliminary displacement theory. The displacement theory has served as 
part of the scaffolding by which the electromagnetic theory was constructed; 
whether the scaffolding ought now to be discarded remains an open question. 


CHAPTER VII 
GENERAL ANALYTICAL THEOREMS 


GREEN’S THEOREM. 


175. A THEOREM, first given by Green, and commonly called after him, 
enables us to express an integral taken over the surfaces of a number of 
bodies as an integral taken through the space between them. This theorem 
naturally has many applications to Electrostatic Theory. It supplies a means 
of handling analytically the problems which Faraday treated geometrically 
with the help of his conception of tubes of force. 


176. TurorEM. Jf u, v, w are continuous functions of the Cartesian 
coordinates w, y, 2, then 


x | [tut mv + nw) as=— ff{(F+2 +e +2) dedyds sate (94). 


Here = denotes that the surface integrals are summed over any number of 
closed surfaces, which may include as special cases either 


(i) one of finite size which encloses all the others, or 
(ii) an imaginary sphere of infinite radius, 


and J, m,n are the direction-cosines of the normal drawn in every case from 
the element dS into the space between the surfaces. The volume integral is 
taken throughout the space between the surfaces. 


Consider first the value of | [ = dedydz. Take any small prism with its 


axis parallel to that of 2, and of cross section dydz. Let it meet the surfaces 
at P, Q, R, S, 7, U, ... (fig. 58), cutting off areas dS, GS Gy ps ret 


The contribution of this prism to | i | 2 dadydz is dydz | . dx, where the 
x 


integral is taken over those parts of the prism which are between the surfaces, 


Thus de= | OM le +[§ ou dat. 


=— Up t+ Ug— Ugt Us — 


oe 
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where Up, Ug, Ug,--. are the values of u at P, Q, R,.... Also, since the pro- 

jection of each of the areas dS>, dSQ,... on the mite of yz is aye we have 
dydz = lpdSp=—1,dS9=I,dSp=.. 

where Ip, Ig, lp,... are the values of 1 at P, Q, R,.... The signs in front of 

lp, lg, by,... are alternately positive and ee because, as we proceed 

along PQR... , the normal drawn into the space between the surfaces makes 

angles which are alternately acute and obtuse with the positive axis of a. 


i aaa, 


Fie. 53, 
Thus 
Ou 
dy de [= da= dydz(—upt+ug--Ugt...) 
=— lpupdSp— TgtigdSg = Bund “F000 ecoovesece (95), 


and on adding the similar equations obtained for all the prisms we obtain 


i | | ae dudydz=— i Vee tes gibi (96), 


_ the terms on the right-hand sides of equations of the type (95) combining so 
as exactly to give the term on the right-hand side of (96). 


We can treat the functions » and w similarly, and so obtain altogether 


| i (E+ +) dadyd: = 23 | | (iu + mv + nw) dS, 


proving the sentie 


177. If u, v, w are the three poupeneitis of any vector F, then the 


expression 
du ov , ow 


da t dy Oz 
is denoted, for reasons which will become clear later, by div F. If NV is the 
component of the vector in the direction of the normal (J, m, n) to dS, then 


N=lutm+nu. 
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Thus Green’s Theorem assumes the form 
i | div F dadydz=—% i | Nd Ss 5 eee (97). 


A vector F which is such that divF =0 at every point within a certain 
region is said to be “solenoidal” within that region, If F is solenoidal 
within any region, Green’s Theorem shews that 


i NdS=0, 


where the integral is taken over any closed surface inside the region within 
which F is solenoidal. Two instances of a solenoidal vector have so far 
occurred in this book—the electric intensity in free space, and the polarisa- 
tion in an uncharged dielectric. 


178. Integration through space external to closed surfaces. Let the 
outer surface be a sphere at infinity, say a sphere of radius r, where r is 
to be made infinite in the limit. The value of 


| (lu + mv + nw) dS 


taken over this sphere will vanish if u, v, and w vanish more rapidly at 


infinity than - . Thus, if this condition is satisfied, we have that 


[ifE+ (= +at oe ) dadyde = — [{@u+mo + nw) a8, 


where the volume integration is taken through all space external to certain 
closed surfaces, and the surface integration is taken over these surfaces, 
l,m, n being the direction-cosines of the outward normal. 


179. Integration through the interior of a closed surface. Let the inner 
surfaces in fig. 53 all pare then we have 


ou Ae 
[[[(Ge+ (= oes . ") aadyde=— {{ Qu-+ mo-+ mu) dS, 


where the volume integration is throughout the space inside a closed surface, 
and the surface integration is over this area, 1, m, n being the direction- 
cosines of the inward normal to the surface. 


180. Integration through a region in which u, v, w are. discontinuous. 
The only case of discontinuity of u, 1, w which possesses any physical import- 
ance is that in which w, v, w change discontinuously in value in crossing 
certain surfaces, these being finite in number. To treat this case, we enclose 
each surface of discontinuity inside a surface drawn so as to fit it closely on 
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both sides. In the space left, after the interiors of such closed surfaces have 
been excluded, the functions wu, v, w are continuous. We may accordingly 
apply Green’s Theorem, and obtain 


[Ger we oe dvdy dz = — [[@u+ mo +nw) as 


— 3" {[u+mo+n) as... he (98), 


where % denotes summation over the closed surfaces by which the original 
space was limited, and =’ denotes summation over the new closed surfaces 
which surround surfaces of discontinuity of u, v, w. Now 
corresponding to any element of area dS on a surface of dis- 
continuity there will be two elements of area of the enclosing 

surface. Let the direction-cosines of the two normals to dS be 

L, mm, nm, and J,, m,, nm, so that ,=—1,, my=—m,, and 
N,=—M. Let these direction-cosines be those of normals 
drawn from dS to the two sides of the surface, which we shall 

denote by 1 and 2, and let the values of u, v, w on the two 

sides of the surface of discontinuity at the element dS be 

U, %, W, and Uy, V,, W,. Then clearly the two elements of 

the enclosing surface, which fit against the element dS of Braves 
the original surface of discontinuity, will contribute to 


Ne 


s’ | (lu + mv + nw) dS 


an amount AS [Uy + my, + 2yWz) + (Lya + My + NqWe)] 
or {], (um — Us) + IM (% —%)+% (Ww; — W2)} aS. 


Thus the whole value of >’ i | (lu + mv +nw) dS may be expressed in 


the form 


5” [fs (em = rn) + me (01 — 22) +m (a = 1,)} AS 


where the integration is now over the actual surfaces of discontinuity. .Thus 
Green’s Theorem becomes 


| | i (+ a+ 5 ow) dedyde 


=—> [[@u+ mo + nw) ds 


_ 2” | {ly (% Us) +m, (v4 a V2) +N (w, - ws)} OS lene <e (99). 
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Special Form of Green’s Theorem. 


181. An important case of the theorem occurs when u, v, w have the 
special values 


where ® and WV are any functions of w, y and z. The value of (lu + mu + nw) 
is NOW 


a *) 


or Oo 


where g denotes differentiation along the normal, of which the direction- 


cosines are l, m, n. 


We also have | 
ou ov dw a ov) a ov)  o4,0v 
ba By Bee mort +e {es at+e loot 

_0@oV adov  abav oy oe oy or) 
" O@ 0” Gy dy Oz 02 & oy? + i 


Thus the theorem becomes 


ap BP Y I dY , HOY) 
[[[[ovw+ a bat oy ty te ee vdyde =—% [oo as.. (100). 


This theorem is true for all values of ® and V, so that we may inter- 
change ® and Y, and the equation remains true. Subtracting the equation 
so obtained from equation (100), we get 


o® 


ith (OV — VV°®) dadydz =— 3 f(el-yv - 


am) a8 a (101). 
APPLICATIONS OF GREEN’s THEOREM. 
182. In equation (101), pus B=1 and W=V, where V denotes the 


electrostatic potential. We obtain 


I I i VV dadyde =—% fie Ee AE a (102). 
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Let us divide the sum on the right into J,, the integral over a single 
closed surface enclosing any number of conductors, and J,, the integrals over 
the surfaces of the conductors. Thus 


as = -| Bae 
on 


where & denotes differentiation along the normal drawn ‘into the surface. 


Thus mild is equal to the component of intensity along this normal, and 


on 
therefore to —V, where V is the component along the outward normal. 


Hence 
rie " Nds. 


At the surface of a conductor _ = — 4q7rc, so that 


I, = 4rd, | odS over conductors 


= 4c x total charge on conductors. 


If there is any volume electrification, V?V = — 4p, so that 


i i VV dady de = — Aer | i pdadyde, 
and the integral on the night represents the total volume electrification. 


Thus equation (102) becomes 
il Nd8S = 4r x (total charge on conductors + total volume electrification), 

so that the theorem reduces to Gauss’ Theorem. 

183. Next put ® and V each equal to V. Then equation (100) becomes 

[[[ vv aedyas + [ff (e =) +(5) + ales 
+3 [[v 5 as=o. 

Take the surfaces now to be the surfaces of conductors, and a sphere of 

radius r at infinity. At infinity V is of order = so that = is of order 


— , and hence Ps integrated over the sphere at infinity, vanishes (§ 178). 


The equation becomes 


20% i i oVdedydz + i i Pdedp dere ( Vgs = 0: 
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The first and last terms together give — 4a x eV, where e is any 
element of charge, either of volume-eléctrification or surface-electrification. 


Thus the whole equation becomes 


. bzev= [ff dadydz, 


shewing that the energy may be regarded as distributed through the space 


2 
outside the conductors, to the amount ao per unit volume—the result 


Sar 
already obtained in § 168. 
184. In Green’s Theorem, take 
ov 
u=® (x aa) 
a 
y= (x *) ‘ 
oy 
w=) (x *) s 


Here K is ultimately to be taken to be the inductive capacity, which 
may vary discontinuously on crossing the boundary between two dielectrics, 
We accordingly suppose u, v, w to be discontinuous, and-use Green’s Theorem 
in the form given in § 180. We have then 


ob oV oP ov” obov 
NE Se On 2 oy pues 0z ae ae Cease 


+ [ote (eS) +5 (EG) tz (EG) eeayas 


0 oy oz 
— = fff Bae ee! J} as 
oes [[xe= BE 6 
-="[[(no> 34 HO, 5?) ds aT, se) eee bee tLes): 


where ie ; Be have the meanings assigned to them in § 140, 
1 2 


If we put ® =1, ns V, in this equation, it reduces, as in § 180, to 
| [eZ K = ise = — 4r x total charge inside surface, 


so that the result is aa of the extension of Gauss’ Theorem. Again, if we 
put d= V = J, the equation becomes 


KR 
[fF dadydz=4 eV, 
and the result is that of § 169. 
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Green's Reciprocation Theorem. 


185. In equation (101), put D=V, V=V’", where V is the potential 
of one distribution of electricity, and V’ is that of a second and independent 
distribution. The equation becomes 


[[[ev-e'v) dady de + & [[(ev’-'V) dS =0, 
which is simply the theorem of § 102, namely 
eV aS CA Raa es Ree (104), 


If we assign the same values to ®, V in equation (103), we again obtain 
equation (104), which is now seen to be applicable when dielectrics are 
present. | 


UNIQUENESS OF SOLUTION. 


186. We can use Green’s Theorem to obtain analytical proofs of the 
theorems already given in § 99. 


THEOREM. If the value of the potential V is known at every point on 
a number of closed surfaces by which a space is bounded internally and 
externally, there 1s only one value for V at every point of this intervening 
space, which satisfies the condition that V?V either vanishes or has an assigned 
value, at every point of this space. 

For, if possible, let V, V’ denote two values of the potential, both of which 
satisfy the requisite conditions. Then V’—V=0 at every point of the 
surfaces, and V?(V’— V)=0 at every point of the space. Putting ® and V 
each equal to V’— V in equation (100), we obtain 


He) + CEDY + LE IY|dntgtenn 


and this integral, it: a sum of squares, can only vanish through the 
vanishing of each term. We must therefore have 


hs _ O77, _ Oey _ ye 
ag VV) ma — Va (V! = V0 rrsssnnn (105), 


or V’—V equal to a constant. And since V’—V vanishes at the surfaces, 
this constant must be zero, so that V= V’ everywhere, «.e. the two solutions 
V and V’ are identical: there is only one solution. 


187. TurorEeM. Given the value of at every point of a number of 


closed surfaces, there is only one possible value for V (except for additive 
constants), at each point of the intervening space, subject to the condition that 
V?V =0 throughout this space, or has an assigned value at each pownt. 

11—2 
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The proof is almost identical with that of the last theorem, the only 
difference being that at every point of the surfaces we have 


a Ate 
instead of the former condition V’—-V=0. We still have 
x [[(v- 1) 2 ("- V) ds=0, 


so that equation (105) is true, and the result follows as before, except that 
V and V’ may now differ by a constant. 


188. Theorems exactly similar to these last two theorems are easily 
seen to be true when the dielectric is different from air. 


For, let V, V’ be two solutions, such that 


a ke V- Vitek v-v9} +2fx 2 (v-V)}=0 


at all points of the space, and at the surface either V—V’=0, or 
0 es 
oe (V—V’)=0. 


By Green’s Theorem 


{fe UAE ee a pve dady de 
=-{{[w-7 Bis (v= V+ aK Ss Ge vt 


" 
5 
aie Sep SP a eae 
ay Pee 3, LOWY Az 


+3 [[e(v-v) 2 (v-vas 
= 0 by hypothesis. 


Equation (105) now follows as before, so that the result is proved. 


COMPARISONS OF DIFFERENT FIELDS, 


189. THEorEm. If any number of surfaces are fixed in position, and a 
given charge is placed on each surface, then the energy is a minimum when 
the charges are placed so that every surface is an equipotential. 


Let V’ be the actual potential at any point of the field, and V 
the potential when the electricity is arranged so that each surface is 
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an equipotential. Calling the corresponding energies W’ and W, we 


have 
at sel) oe, Cox) a J} dedy de 
at wi \(G-= =) y+ tub dedyds | 
+a [flo QE 2) E+ dL acayae 


If we pub b= V, V=V'— J, in equation (100), we find that the last 


integral becomes 
zo | [v (F- | dS, 


or, since V is by hypothesis constant over each conductor, 
x0 [[(o’- BS 


and this vanishes since each total charge i | o dS is the same as the corre- 


sponding total charge mr | odS. Thus 


= w== [fG-F a) Jnr} dedyde 


This integral is essentially positive, so that W’ is greater than W, which 
proves the theorem. 


If any distribution is suddenly set free and allowed to flow so that the 
surface of each conductor becomes an equipotential, the loss of energy 
W’ — W is seen to be equal to the energy of a field of potential V’—V at 
any point. 


190. THrorEM. The introduction of a new conductor lessens the energy 


of the field. 


Let accented symbols refer to the field after a new conductor S has been 
introduced, insulated and uncharged. Then 


87 ill i Y ITO ugh the field before S is introduced 
87 If : Y TO ugh the field after S is introduced 
Patil ‘ Y ugh the space ultimately occupied by S 


zi i J (R?— R”) through the field after S is introduced, 
4 
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The last integral 
1 OV Ae 
re jie (5 merit -}dedyds 


and this, as in the last theorem, is equal to 


KNN(S (= Vs | dedyds 


+g 50" ( -S \as, 


where } denotes summation over all conductors, including S. 


This last sum of surface integrals vanishes, so that 


W-W’'= = ||[ Rdedyde through S 


+ gel Ge - =) : J+... dedyde through the field after 


Ss ne en introduced. 


Thus W— W’ is essentially positive, which proves the theorem. 

On putting the new conductor to the earth, it follows from the preceding 
theorem that the energy is still further lessened. 

191. THEOREM. Any increase in the inductive capacity of the dielectric 
between conductors lessens the energy of the field. 


Let the conductors of the field be supposed fixed in position and in- 
sulated, so that their total charge remains unaltered. Let the inductive 
capacity at any point change from K to K+ 6K, and as a consequence let 
the potential change from V to V+6V, and the total energy of the field 
from W to W+6W. 


If H, #,,... denote the total charges of the conductors, V;, V;,... their 
potentials, and p the volume density at any point, 


W=32hV+ ff pV dxedydz, 
so that, since the L’s and p remain unaltered by changes in K, we have 


SW=43E3V +4 | / I pdV dadyde <sccsvcsacs.t (106). 


w= [I (Ge) + Gy) + Ge) aoa 
mie ry +(F Sy) +(e) {8K dedyde 


+z/[[x ere OV OSV , OV 08V 
dx On ' Oy Oy La Pear “ay | dady de wo LOT), 


We also have 


so that 
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By Green’s Theorem, the last line 


=~ ae [fv (HE) +5 (KE) +2 (4B )} aedyas 
—S 1 fforfee® sma? nk Sas, 


the summation of surface integrals being over the surfaces of all the 


conductors, 
=|[[osVdedyde + s [[osvas 


= | [[e8V dedyde + 3E3V 


= 26W 
by equation (106). Thus equation (107) becomes 


sW= = |[[RraKdedy ae _ 2317, 


so that sw =— = |{ [RK dedyde, . 


Thus 6W is necessarily negative if 5K is positive, proving the theorem. 


It is worth noticing that, on the molecular theory of dielectrics, the increase in the 
inductive capacity of the dielectric at any point will be most readily accomplished by 
introducing new molecules. If, as in Chap. v, these molecules are regarded as uncharged 
conductors, the theorem just proved becomes identical with that of § 190. 


EARNSHAW’S THEOREM. 


192. TuHeorEmM. A charged body placed in an electric field of force 
cannot rest in stable equilibrium under the influence of the electric forces 
alone. 


Let us suppose the charged body A to be in any position, in the field 
of force produced by other bodies B, B’,.... First suppose all the elec- 
tricity on A, B, B’,... to be fixed in position on these conductors. Let 
V- denote the potential, at any point of the field, of the electricity on 
B, B’,.... Let x, y, z be the coordinates of any definite point in A, say its 
centre of gravity, and let +a, y+6,2+c¢ be the coordinates of any other 
point. The potential energy of any element of charge e at x+a,y+b,z+e 
is eV, where V is evaluated at «+a, y+b, zt+c. Denoting eV by w, we 
clearly have 

Ow ew, dw 
Ae ae Oy a Agia 0, 


since V is a solution of Laplace’s equation. 
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Let W be the total energy of the body A in the field of force from 

B, B’,..... Then W= Sw, and therefore 

OW ee We 

ae. ate Oy a On? ='0), 
ie. the sum W-=w satisfies Laplace’s equation, because this equation is 
satisfied by the terms of the sum separately. It follows from this equation, 
as in § 52, that W cannot be a true maximum or a true minimum for any 
values of a, y,z. Thus, whatever the position of the body A, it will always 
be possible to find a displacement—i.e. a change in the values of «, y, 2—for 
which W decreases. If, after this displacement, the electricity on the con- 
ductors A, B, B’,... is set free, so that each surface becomes an equipotential, 
it follows from § 189 that the energy of the field is still further lessened. 
Thus a displacement of the body A has been found which lessens the energy 
of the field, and therefore the body A cannot rest in stable equilibrium. 


One physical application of Earnshaw’s Theorem is of extreme importance. The 
theorem shews that an electron cannot rest in stable equilibrium under the forces’ of 
attraction and repulsion from other charges, so long as these forces are supposed to obey 
the law of the inverse square of the distance. Thus, if a molecule is to be regarded as a 
cluster of electrons and positive charges, as in § 151, then the law of force must be some- 
thing different from that of the inverse square. 


There seems to be no difficulty about the supposition that at very small distances the 
law of force is different from the inverse square. On the contrary, there would be a very 
real difficulty in supposing that the law 1/r? held down to zero values of 7. For the force 
between two charges at zero distance would be infinite ; we should have charges of oppo- 
site sign continually rushing together and, when once together, no force would be adequate 
to separate them. Thus the universe would in time consist only of doublets, each 
consisting of permanently interlocked positive and negative charges. If the law 1/r? 
held down to zero values of r, the distance apart of the charges would be zero, so that 
the strength of each doublet would be nzl, and there would be no way of detecting its 
presence. Thus the matter in the universe would tend to shrink into nothing or to 
diminish indefinitely in size. The observed permanence of matter precludes any such 
hypothesis. 

Earnshaw’s Theorem accordingly limits us to two alternatives. Either the molecule 
does not consist of a cluster of electrons in relative rest, or else the law of the inverse 
square fails at molecular distances. 

Recent experimental investigations decide very definitely against the second alternative 
and in favour of the first. Recent experiments on the deflection of the positively charged 
a-particles by matter indicate that the law of the inverse square holds down to distances 
of the order of 10—" cms., a distance which is less than a thousandth part of the radius of 
the hydrogen atom, and a large mass of other evidence suggests, with a probability 
approximating to certainty, that the electrons in an atom or molecule must be in rapid 
orbital motion, Thus the problem of the structure of the molecule is removed from the 
province of Earnshaw’s Theorem. 
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STRESSES IN THE MEDIUM. 


193. Let us take any surface S in the medium, enclosing any number 
of charges at points and on surfaces S,, S,, .... 


Let J, m, » be the direction-cosines of the normal at any point of 
S,, S,,... or S, the normal being supposed drawn, as in Green’s Theorem, 
into the space between the surfaces. 


The total mechanical force acting on all the matter inside this surface 
is compounded of a force eR in the direction, of the intensity acting on every 
point charge or element of volume-charge e, and a force 27o? or 4cR per 
unit area on each element of conducting surface. If X,Y, Z are the com- 
ponents parallel to the axes of the total mechanical force, 


X=EeX +3 |[doxas 


=| [[oxdedyde + | [soxas, 


where the surface integral is taken over all conductors S,, S,, ... inside the 
surface S, and the volume integral throughout the space between S and these 
surfaces. Substituting for p and o, 


eV eV eV) eV 
a ll eas sor eee 


+= ft onl nok) eas seewan (108). 


By Green’s Theorem, 


av av a (av? , 
ee oT davdyde = + {lla (Ge) aide 
aV\2 ave 
~ 43 [[0(G) 28-4 ]fe (Ge) a8 
Vv av av 0 eV 
zs drdyd 
[flee On dandy) be — -|| oy sy (aur) ‘! 


-2 fn as fn iE Bas 


Now 


Ii] eS (Ge) dedyds = [[hz (5 TY) dedyds 
2 fu Bon 
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so that the last equation becomes 


4 avis ava 
lame > f[e' Ge) ae a) 


é 
oV\3 oV oV 


and there is a similar value for 


Vv av 
i i Te 5p dandy de, 


Substituting these values, equation (108) becomes 
1 OV AX EVs oV oV oV oV 
= rea [}3 oe — —i4m se Ss 
a == |flsi| G ry + (Z)]- Oa oy ret Oa | ds 
i OVA ea OV OV eV. OV OV. 
- a5 [fe | () wn Ge - (5) [+m Ox Oy Pep se} oS 
Since we have at every point of the surface of a conductor 


Clase) yale 


it follows that the integral over each conductor vanishes, leaving only the 
integral with respect to dS, which gives 


—— | i (IB, + mB, +nB,) dS, 


where Ba = i CO yA 
1 
fy = 7 XY, 
pater 
a « 


If we write also 
1 2 2 2 
= (Y°-Z?-X ys 


1 , 
Bae yy 
Pe yz 
Y2 Avr i 


the resultant force parallel to the axis of Y will be 
ve — [hay + mB, +nB,) dS, 


and there is a similar value for Z. The action is therefore the same (cf. 
§ 159) as if there was a system of stresses of components 
aoe Pas ty let ae ae 


given by the above equations: i.e. these may be regarded as the stresses of 
the medium. 


193, 194] Stresses in the Medium 171 


194. It remains to investigate the couples on the system inside S. If 
L, M, N are the moments of the resultant couple about the axes of a, ¥, 2, 
we have 


lh (yZ=2Y) dedyde + 43 [[o(yZ—2¥) aS 


ON oat eV OV can OF? 
alle laa + vor) aes 25,) dedyde 


1h sem Eae) a 
wT ( (ae 
=-|I 55 i (9% 1) si 
alfa GAL AR ar AE GALE 


ee a ee aegis 
a x! & da \4 Oz oy oy oy Y oe oy 


gone g (y or" ae) da dy dz 


Oz oz \" Oz Oy 
ates +0) (Ge -* ay) 
~ {ee rn) (y oe" ap) astie eae (110). 


The first term in this expression 


OV eV ig ics eV fede 
~ dear, = fffty i awe + oy ayoz * dz 02? 


OV eV oVaeV oa 
(ee ty By oy * 2 oy 0z gady 24 


-<| Hes Ue 2) didy dz 


= ee >> de —zmR’) dS + — — {{(ynkt—2mk) OSs tacauces (111). 


The second term in expression (110) for L may, in virtue of the relations 


(109), be expressed in the form 
1 2 
—7-> if [(ynB!— zmR ) dS, 


which is exactly cancelled by the first term in expression (111). 
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We are accordingly left with 
Ch Mote ped nX)( ov ) ds 


L= = |{{(gnk?- 2m) —2 (1 mB sn an he epee by 


== [fy Cat ml e+ nPp) — 2 (Pay + mBy +B} AS 


verifying that the couples are also accounted for by the supposed system of 
ether-stresses, 


195. Thus the stresses in the ether are identical with those already 
found in Chapter v1, and these, as we have seen, may be supposed to 
2 


: mae : 
consist of a tension g, per unit area across the lines of force, and a 
T 


2 
pressure eth per unit area in directions perpendicular to the lines of force. 


MECHANICAL FORCES ON DIELECTRICS IN THE FIELD. 


196. Let us begin by considering a field in which there are no surface 
charges, and no discontinuities in the structure of the dielectrics. We shall 
afterwards be able to treat surface-charges and discontinuities as limiting 
cases. 


Let us suppose that the mechanical forces on material bodies are 3, H, Z 
per unit volume at any typical point 2, y, z of this field. 


Let us displace the material bodies in the field in such a way that the 
point 2, y, z comes to the point «+62, y+dy, z+6z. The work done in 
the whole field will be 


=~ |[[eee+ H8y + Zd2) dadydz ..scssesevseee. (112), 


and this must shew itself in an equal increase in the electric energy. The 
electric energy W can be put in either of-the forms 


ee 


== |//x{( \() + (FE) + (Zt dedyas 


When the ‘cca takes place, there wiil be a slight variation in 
the distribution of electricity and a slight alteration of the potential. 
There is also a slight change in the value of K at any point owing to 
the motion of the dielectrics in the field. Thus we can put 


SW = 8%, = (8M%)p + (8M rs 
SW = 8W, = (8) + (8W)v, 
where (5W;), denotes the change produced in the function W, by the varia- 
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tion of electrical density alone, (8W,), that produced by the variation of 
potential alone, and so on. 


We have 


(8M) =4 [| [p3Vdedy de 
1 av 08V av aV | av aSV 
(OW)y = | reals & On ay “Oy + Oe Oe Fe) dedy de. 


By Green’s Theorem, the last 7), 2( transforms into 


ieee | [ i SV ie (xo )+z (x ar $e (x a) Agha 


es 


so that 2. (OW) == (0W,) p- 
We accordingly have 
SW = 28W, — SW, =2 (8W,),— (8M), 


the variation produced by alterations in V no longer appearing. 


Noe GW =e | i i So Videdy de, 


emcee (= C2) +E poe 
Pa ihat SW = | / | {Pop 5K | RE eee eee (118). 


The change in p is due to two causes. In the first place, the electrifica- 
tion at 2, y, z was originally at # — dx, y— dy, z—6z, so that dp has as part 
of its value 


Again, the element of volume dadydz becomes changed by displacement 
into an element 


{ae + 2 (62) ac {dy +z (Sy) ay} {ae +2 (8) act. 


00x , Ody 062 
or dedyds (1+ 52 + Gt +52) 
so that, even if there were no motion of translation, an original charge 
pdadydz would after displacement occupy the volume given by expression 
(115), and this would give an increase in p of amount 


0x Oddy , 00z 116 
-p (5+ ee Piste (olslete ole eleieielcieiciaininiicin are (116). 
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Combining the two parts of dp given by expressions (114) and (115), 
we find 


Sp = — 15 (pe) +3 (08y) + & (08e)}- 


The change in X is also due to two causes. In the first place the point 
which in the displaced position is at #, y, 2 was originally at #— dx, y — dy, 
z—6z. Hence as part of the value in 6K we have 


ok ok 0K 

Also, with the displacement, the density of the medium is changed, so 
that its molecular structure is changed, and there is a corresponding change 
in K. If we denote the density of the medium by 7, and the increase in r 
produced by the displacement by 67, the increase in K due to this cause 

will be 
ok 
OT 
and we know, as in equation (116), that 


oon , Ody a3z\ 
ola aa be ae 


oT, 


oT =— 


We now have, as the total value of dK, 
8K =— 5° bn Hay Oh g, 
Ox oy 
_ ok 06a  ddy dbz 
1 Or (= rene “Oy A a) 
and hence, on substituting in equation (118) for 8p and 8K, 


sw=—|i[ Vv em + +O) 5 +00) dedyda 


Ks OK, aK 
+fffz g(a 24+, Uta 82) dedyd 


ok é& rely 062 
ithe. a + oy +55) de age: 
Integrating by ee this becomes 
w= [FZ pox — 7 PY + om pbs) dadydz 


+f[fe - (= ba van éy see bz) dadydz 


0 (fe ook 0/R? 0K 
leet 7G) 88 #4 ay (Ee? Ge) Yt ae Be? ge OF} dedyde, 
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or, rearranging the terms, 


aw =([f{l ox oe +e (S)- 2 (ee *) | bet |. | by + |... ] bel dedyde, 


Comparing with expression (112), we obtain 
ieee Vee ok et pi ax 
ae as oe oe Siole.” oF 

ete., giving the body forces acting on the matter of the dielectric. 


197. This may be written in the form 
OK 3 (RO) 
Sir 0a Oa \8a Or 
Thus in addition to the force of components (pX, pY, pZ) acting on the 
charges of the dielectric, there is an additional force of components 
ROK ROK _ BOK 
87 Ox’ 87 Oy ’ 87 0z 
arising from variations in K, and also a force of components 
2 (= =) (ez =) 2 (= ) 
de \8r° Or)? dy\8r' or]? d2\8n° or)’ 
which occurs when either the intensity of the field or the structure of the 
dielectric varies from point to point. 


STRESSES IN DIELECTRIC MEDIA. 


198. Replacing p by its value, as given by Laplace’s equation, we obtain 
equation (117) in the form 


s-2ELbe SoG (ea) 
Scie cae) 

-2¢2[ @+@@) 
( 


Alls te a eV 
+250 2 (KS) +E ie (an) 
av et cov. ala 
fA ae) as = 
MWe thie us aa 
425-52 ( Zee = 
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~as ae (Ge) + Ge) + Ge) 


+220(K (RV \ 492 (xe EO o2 g (no) 


oa \ \ Ox dy\" Oa oy dz\ On 02 
0 0K 
If we put 
K (7eV“? faVN? (OV \)_ oe ok 
= 4( —— | =f) ol —— TH seen eeeee 118), 
B= 5 (aa) (ar) (Ge) +e Se ee 
B= K av eV pRbOR Hie adesests Ee ree rer (119), 
4 Ox” OY 
Fry Off 
this becomes pote? v4 —%. 


oy az 


Let us suppose that a medium is subjected to a system of internal 
stresses P,, B,, etc.; and let it be found that a system of body forces 
of components B’, H’, Z is just sufficient to keep the medium at rest 
when under the action of these stresses. Then from equation (79) we 
must have ; 


(as ORs Oley = 
ees ( ve Oy ti daly” 
Thus if B,, By, etc. have the values given by equations (118) and (119), 


we have 
7 
f=} ee =P etc. 


This shews that the mechanical foree H, H, Z reversed would just be 
in equilibrium with the system of stresses B,, By, etc. given by equations 
(118) and (119). In other words, the mechanical forces which have been 
found to act on a dielectric can exactly be accounted for by a system of 


stresses in the medium, these stresses being given by equations (118) and 
(119). 


199. The system of stresses given by equations (118) and (119) can be 
regarded as the superposition of two systems: 


- J, A system in which 


NG RXV, 
fia = AAS YA 2), wy ee pseu 
II. A system in which 
eso 
Pra = Fy = Bz Ger aie 
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The first system is exactly K times the system which has been found to 
occur in free ether, while the second system represents a hydrostatic pressure 
of amount 

Re 0k 
— Ra T On . 
Cia anita Bhs. ; 
(In general oe will be positive, so that this pressure will be négative, and 


must be interpreted as a tension.) 


Hence, as in § 165, the system of stresses may be supposed to consist of: 
3 
per unit area in the direction of the lines of force; 


(i) a tension San 


2 


(ii) a pressure per unit area perpendicular to the lines of force; 


R 
87 


2 
(iii) a hydrostatic pressure of amount — fae in all directions. 


The system of stresses we have obtained was first given by Helmholtz. The system 


2 
differs from that given by Maxwell by including the pressure ae ony The neglect of 


Sn” Or 
this pressure by Maxwell, and by other writers who have followed him, does not appear to 
be defensible. Helmholtz has shewn that still further terms are required if the dielectric 
is such that the value of AK changes when the medium is subjected to distortion without 
change of volume. 


200. This system of stresses has not been proved to be the only system 
of stresses by which the mechanical forces can be replaced, and, as we have 
seen, it is not certain that the mechanical forces must be regarded as arising 
from a system of stresses at all, rather than from action at a distance. 


It may be noticed, however, that whether or not these stresses actually 
exist, the resultant force on any piece of dielectric must be exactly the 
same as it would be if the stresses actually existed. For the resultant 
force on any piece of dielectric has a component X parallel to the axis 


of x, given by 
X= / [[Facdyae 


OB x OBy OF 
=[(Z Get Ge) dodyde 


== ‘ (IB + mEy + Bz) dS 


by Green’s Theorem, and this shews that the actual force is identical with 


what it would be if these stresses existed (cf. § 193). 


12 
J, 
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Force on a charged conductor. 


201. The mechanical force on the surface of a charged conductor 
immersed in a dielectric can be obtained at once by regarding it as 
produced by the stresses in the ether. There will be no stresses in the 
interior of the conductor, so that the force on its surface may be regarded 
as due to the tensions of the tubes of force in the dielectric. The tension 
is accordingly of amount 

KT ats ia 
Br | 8a” Or 
per unit area, an expression which can be written in the simpler form 


i? 0 


Ba ar A7). 


Force at boundary of a dielectric. 


202. Let us consider the equilibrium of a dielectric at a surface of 
discontinuity, at which the lines of force undergo refraction on passing 
from one medium of inductive capacity K, to a second of inductive 
capacity Ky. 

Let axes be taken so that the boundary is the plane of ay, while the 
lines of force at the point under consideration lie 
in the plane of wz. Let the components of 
intensity in the first medium be (Xj, 0, Z,), while 
the corresponding quantities in the second medium 
are (Xe, 0, Z,). The boundary conditions ob- Q 
tained in § 187 require that 


X,=X,, K,4,=K.4,=470h, 


where A is the normal component of polarisation. 


iC 


RN 


In view of a later physical interpretation of ea: 


the forces, it will be convenient to regard these forces as divided up into 


the two systems mentioned in § 199, and to consider the contributions from 
these systems separately. 


As regards the contribution from the first system, the force per unit area 
acting on the dielectric from the first medium has components 
XK. 
ee X,4,, 0, (4? x X7), 
while that from the second medium has components 


K 6 
fis Aglge <0, a (25 te), 
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Since K,X,Z, = K,;X,Z,, it follows that the resultant force on the 
boundary is parallel to Oz—te. is normal to the surface. Its amount, 


measured as a tension dragging the surface in the direction from medium 1 
to medium 2 


K 
ee (Bt X28) — as X) 


which after simplification can be shewn to be equal to 

DEE OF ds 

aoe Wa val 
This is always positive if K, > K,, Thus this force invariably tends to 
drag the surface from the medium in which X is greater, to that in which 
K is less—i.e. to increase the region in which K is large at the expense of 
the region in which K is small. This normal force is exactly similar to the 
normal force on the surface of a conductor, which tends to increase the 
volume of the region enclosed by the conducting surface. 


(Cite 


On Maxwell’s Theory, the forces which have now been considered are the only ones in 
existence, so that according to this theory the total mechanical force is that just found, 
and the boundary forces ought always to tend to increase the region in which £ is large. 
This theory, as we have said, is incomplete, so that it is not surprising that the result just 
stated is not confirmed by experiment. 


We now proceed to consider the action of the second system of forces— 
the system of negative hydrostatic pressures. There are pressures per unit 
area of amounts 

Rh; 0k, — Re ok, 
Bar 07,’ 8a = OT. 
acting respectively on the two sides of the boundary. There is accordingly 
a resultant tension of amount 


oi! Ok, , ok, 
5 (Re T pena aT, — fh? T2 i) ? 


per unit area, tending to net the boundary surface from region 1 to region 2. 


Thus the total tension per unit area, dragging the surface into region I, is 


AX Aah? OK, OK, 
($+ er) Ge K,)- -( mB — Baltes 2) 


In § 189, in considering a parallel plate condenser with a movable 
dielectric slab, we discovered the existence of a mechanical force tending 
to drag the dielectric in between the plates. This force is identical with the 
mechanical force just discussed. But we have now arrived at a mechanical 
interpretation of this force, for we can regard the pull on the dielectric as 
the resultant of the pulls of the tubes of force at the different parts of the 
surface of the dielectric. 

12—9 
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Let us attempt to assign physical interpretations to the terms of ex- 
pression (120) by considering their significance in this particular instance. 
Consider first a region in the condenser so far removed from the edges of 
the condenser and of the slab of dielectric, that the field may be treated 

4arh 
as absolutely uniform (ef. fig. 44, p. 124). We put K,=1, 4,=0, y= ie 


in expression (120) and obtain 


Ki- 1 T1 a) 


rt ( Kw Kae 


as the force per unit area on either face of the dielectric, acting normally 
outwards. 


The forces will of course act in such a direction that they tend to 
decrease the electrostatic energy of the field. Now this energy is made up 
Qarh? 
Ky 
from the dielectric. From the conditions of the problem h must remain 
unaltered. Thus the total energy can be decreased in either of two ways— 
by increasing the volume occupied by dielectric and decreasing that occupied 
by air, or by increasing the value of & in the dielectric. There will therefore 
be a tendency for the boundary of the dielectric to move in such a direction 
as to increase the volume occupied by dielectric, and also a tendency for this 
boundary to move so that K will be increased by the consequent change 
of density. These two tendencies are represented by the two terms of 
expression (121). 


of contributions 27h? per unit volume from air, and er unit volume 
, 


If 5, 18 negative, an expansion of the dielectric will both increase the 
volume occupied by the dielectric, and will also increase the value of K 
inside the dielectric. In this case, then, both tendencies act towards an 
- expansion of the dielectric, and we accordingly find that both terms in 
expression (121) are positive. 


If = is positive, the tendency to expansion, represented by the first 


(positive) term of expression (121) is checked by a tendency to contraction 
(to increase 7, and therefore K) represented by the second (now negative) 


term of expression (121). If _ is not only positive, but is numerically 
large, expression (121) may be negative and the dielectric will contract. In 
this case the decrease in energy resulting on the increase of K produced by 
contraction will more than outweigh the gain resulting from the diminution 
of the volume occupied by dielectric. 
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These considerations enable us to see the physical significance of all the 
terms in expression (120), except the first term = (K,-1). To interpret 
7 


this term we must examine the conditions near the edge of the dielectric 
slab, for it is only here that X, has a value different from zero. We see at 
once that this term represents a pull at and near the edge of the dielectric, 
tending to suck the dielectric further between the plates—in fact this force 
alone gives rise to the tendency to motion of the slab as a whole, which was 
discovered in § 189. 


Returning to the general systems of forces of § 199, we may say that 
the first system (which as we have seen always tends to drag the surface 
of the dielectric into the region in which K has the greater value) represents 
the tendency for the system to decrease its energy by increasing the volume 
occupied by dielectrics of large inductive capacity, whilst the second system 
(which tends to compress or expand the dielectric in such a way as to increase 
its inductive capacity) represents the tendency of the system to decrease its 
energy by increasing the inductive capacity of its dielectrics. That any 
increase in the inductive capacity is invariably accompanied by a decrease 
of energy has already been proved in § 191. 


Electrostriction. 


203. It will now be clear that the action of the various tractions on the 
surface of a dielectric must always be accompanied not only by a tendency 
for the dielectric to move as a whole, but also by a slight change in shape 
and dimensions of the dielectric as this yields to the forces acting on it. 
This latter phenomenon is known as electrostriction. It has been observed 
experimentally by Quincke and others. A convenient way of shewing its 
existence is to fill the bulb of a thermometer-tube with liquid, and place 
the whole in an electric field. The pulls on the surface of the glass result 
in an increase in the volume of the bulb, and the liquid is observed to 
fall in the tube. From what has already been said it will be clear that 
a dielectric may either expand or contract under the influence of electric 
forces. ‘ 


The stresses in the interior of a dielectric, as given in § 199, may also 
be accompanied by mechanical deformation. Thus it has been observed by 
Kerr and others, that a piece of non-crystalline glass acquires crystalline 
properties when placed in an electric field, Such a piece of glass reflects 
light like a uniaxal crystal of which the optic axis is in the direction of the 


lines of force. 
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GREEN’s EQUIVALENT STRATUM. 


204. Let S be any closed surface enclosing a number of electric charges, 
and let P be any point outside it. The potential at P due to the charges 


inside S is 
Vp=||[2aedyae, 


Fia. 56. 


where r is the distance from P to the element drdydz, and the integration 
extends throughout S. By Green’s Theorem (equation (101)) 


[[[aver -Vv:0) dedyde = {I ( (7v 7%) as, 


where the normal is now drawn outwards from the surface S. 


In this equation, put U==, then, since V?V =— 4p, we have as the 


value of the first term, 
| i UV:V dadyde =~ 4nVp. 


And since V?U =0, the second term vanishes. The equation accordingly 


becomes anit fi fe (Ney. 2 (A) de nae ee (122). 


205. Suppose, first, that the surface S is an equipotential. Then 


Jv sl) 28-7 [Jen GG) 48 
le =) dedyde 


so that equation (122) ens 
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Thus the potential of any system of charges is the same at every point 
outside any selected equipotential which surrounds all the charges, as that 
of a charge of electricity spread over this equipotential, and having surface 

: 1 oV : ; ; hoe 
density Wire Obviously, in fact, if the equipotential is replaced by a 


conductor, this will be the density on its outer surface. 


206. If the surface is not an equipotential, the term | ee (=) dS 


will not vanish. Since, however, we (=) is the potential of a doublet of 


strength m and direction that of the outward normal, it follows that 
| | Ve () dS is the potential of a system of doublets arranged over the 


surface S, the direction at every point being that of the outward normal, and 
the total strength of doublets per unit area at any point being V. 


Thus the potential Vp may be regarded as due to the presence on the 
surface S of 
: : he Love 
(i) a surface density of electricity — ln On? 
(ii) a distribution of electric doublets, of strength a per unit area, 


and direction that of the outward normal. 


207. Equation (122) expresses the potential at any point in the space 


outside S in terms of the values of V and Ey over the boundary of this space. 


We have seen, however, that the value of the potential is uniquely determined 


by the values either of V or of a over the boundary of the space. In actual 
electrostatic problems, the boundaries are generally conductors, and therefore 


equipotentials. In this case equation (123) expresses the values of the 


potential in terms of le only, amounting in fact simply to 


on 
Ve=[fZas. 


What is generally required is a knowledge of the value of Vp in terms of the 
values of V over the boundaries, and this the present method is unable to 
give. For special shapes of boundary, solutions have been obtained by 
various special methods, and these it is proposed to discuss in the next 


chapter. 
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EXAMPLES. 


1. If the electricity in the field is confined to a given system of conductors at given 
potentials, and the inductive capacity of the dielectric is slightly altered according to any 
law such that at no point is it diminished, and such that the differential coefficients of the 
increment are also small at all points, prove that the energy of the field is increased. 


2. Avslab of dielectric of inductive capacity A and of thickness w is placed inside a 
parallel plate condenser so as to be parallel to the plates, Shew that the surface of the 


slab experiences a tension 
1 d /i 
Ye ee prea ae 
as {} Kk” de =}. 


3. For a gas K=1+6p, where p is the density and @ is small. A conductor is 
immersed in the gas: shew that if 62 is neglected the mechanical force on the conductor 
is 270? per unit area. Give a physical interpretation of this result, 


CHAPTER VIII 
METHODS FOR THE SOLUTION OF SPECIAL PROBLEMS 


THE MetTHop or ImMaGEs. 


Charge induced on an infinite uninsulated plane. 


208. THE potential at P of charges e at a point A and —e at another 
point A’ is 


and this vanishes if P is on the plane which bisects AA’ at right angles. 
Call this plane the plane 8. Then the above value of V gives V=O over 
the plane S, V=0 at infinity, and satisfies Laplace’s equation in the region 
to the right of S, except at the point A, at which it gives a point charge e. 


. 57. 


These conditions, however, are exactly those which would have to be satisfied 
by the potential on the right of S if S were a conducting plane at zero 
potential under the influence of a charge e at A. These conditions amount 
to a knowledge of the value of the potential at every point on the boundary 
of a certain region—namely, that to the right of the plane S—and of the 
charges inside this region. There is, as we know, only one value of the 
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potential inside this region which satisfies these conditions (cf. § 186), so that 
this value must be that given by equation (124). 


To the right of S the potential is the same, whether we have the 
charge —e at A’ or the charge on the conducting plane S. To the left of S 
in the latter case there is no electric field. Hence the lines of force, when 
the plane S is a conductor, are entirely to the right of S, and are the same 
as in the original field in which the two point-charges were present. The 
lines end on the plane S, terminating of course on the charge induced on 8. 

We can find the amount of this induced charge at any part of the plane 
by Coulomb’s Law. Taking the plane to be the plane of yz, and the point 4 
to be the point (a, 0, 0) on the axis of , we have 


0 é @ 
~- eG -—avt+y+2 V(a@+ayP oa ‘ 

where the last line has to be calculated at the point on the plane S at which 
we require the density. We must therefore put #=0 after differentiation, 
and so obtain for the density at the point 0, y, z on the plane S, 

2ae 
(+ y+ 28 : 
or, if a?+4?+2?=7%, so that r is the distance of the point on the plane S 
from the point A, ' 


470 = — 


ae 
on’ 

Thus the surface density falls off inversely as the cube of the distance 
from the point A. The distribution of electricity on the 
plane is represented graphically in fig. 58, in which the 
thickness of the shaded part is proportional to the surface 
density of electricity. The negative electricity is, so to 
speak, heaped up near the point A under the influence 
of the attraction of the charge at A. The field produced 
by this distribution of electricity on the plane S at any 
point to the right of S is, as we know, exactly the same as 
would be produced by the point charge —e at A’. 


oc=— 


209. This problem affords the simplest illustration of a 
general method for the solution of electrostatic problems, 
which is known as the “method of images.” The principle 
underlying this method is that of finding a system of electric 
charges such that a certain surface, ultimately to be made 
into a conductor, is caused to coincide with the equipotential V=0. We 
then replace the charges inside this equipotential by the Green’s equivalent 
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stratum on its surface (cf. § 204). As this surface is an equipotential, we 
can imagine it to be replaced by a conductor and the charges on it will be 
in equilibrium. These charges now become charges induced on a conductor 
at potential zero by charges outside this conductor. 


From the analogy with optical i images in a mirror, the system of point 
charges which have to be combined with the original charges to produce zero 
potential over a conductor are spoken of as the “electrical images” of the 
original charges. For instance, in the example already discussed, the field is 
produced partly by the charge at A, partly by the charge induced on the 
infinite plane: the method of images enables us to replace the whole charge 
induced on the plane by a single point charge at A’. So also, if A were a 
candle placed in front of an infinite plane mirror, the illumination in front of 
the mirror would be produced partly by the candle at A, partly by the light 
reflected from the infinite mirror; the method of optical images enables us to 
replace the whole of this reflected light by the light from a single source at A’. 


210. In an electrostatic field produced by any number of point charges, 
we can, as we have seen, select any equipotential and replace it by a con- 
ductor. The charges on either side of this wees are then the 
“images” of those on the other side. 


Thus if we can write the equation of any surface in the form 
SE a OO scree eat oo (125), 
" age 7 


where r is the distance from a point outside the surface, and r’, r”,... are the 
distances from points inside the surface, then we may say that charges 
e’,e”,... at these latter points are the images of a charge e at the former 
point. 


The method of images may be applied in a similar way to two-dimensional 
problems. Suppose that the equation of a cylindrical surface can be expressed _ 
in the form 

¢ — 2e log r — 2e’ log 1’ — 2e” log r” — ... = 0, 
where 7 is the perpendicular distance from a fixed line on one side of the 
surface, and 7’, r’,... are perpendicular distances from fixed lines on the other 
side. Then line-charges of line-densities e’, e”, ... at these latter lines may be 
taken to be the image of a line-charge of line-density e at the former line. 


Illustrations of the use of images in three dimensions are given in 
§§ 211—219. An illustration of the use of a two-dimensional image will 


be found in § 220. 


188 Methods for the Solution of Special Problems |. VII 


Charges induced on Intersecting planes. 


211. It will be found that charges 
eat ae Py eO; 
—e at-a, y, 9, 
—e at 2,-y, 9, 
e at—a,—-y, 0 
give zero potential over the planes x = 0, y=0. 
The potential of these charges is therefore the 
same, in the quadrant in which a, y are both 
positive, as if the boundary of this quadrant 
were a conductor put to earth under the in- 
fluence of a charge e at the point a, y, 0. 
It will be found that a conductor consisting 


of three planes intersecting at right angles can 
be treated in the same way. i 


212. The method of images also supplies a solution when the conductor 


consists of two planes intersecting at any angle of the form =, where n is 
ee 


e 
Fic. 60. 


any positive integer. If we take polar coordinates, so that the two planes 


are 0=0, 0= = and suppose the charge to be a charge e at the point r, 0 
we shall find that charges 


Beau (ee) (r, e+=7), ; (r, 6+), ce 


eat 6) (r,-(0+=)), (r,-(0+=)), ..., 


give zero potential over the planes 
0=0, =". 
n 


3 


Charge induced on a sphere. 


213. The most obvious case, other than the infinite plane, of a surface 
whose equation can be expressed in the form (125), is a sphere. 


Fia. 61, 


If R, Q are any two inverse points in the sphere, and P any point on the 
surface, we have 


RP SPO=O0C = U0, 


so that PQ = PR =v. 
: : OC 
Thus the image of a charge e at Q is a charge — ° 00 at R, or the 
image of any point at a distance f from the centre of a sphere of radius a 


is a charge — 7 at the inverse point, ze. at a point on the same radius 


2 
distant > from the centre. 

Let us take polar coordinates, having the centre of the sphere for origin 
and the line OQ as 0=0. Our result is that at any point S outside the 
sphere, the potential due to a charge e at Q and the charge induced on the 
surface of the sphere, supposed put to earth, is 
ea 
ed reser 
QS. 8 
e ea. 


~ re tf — ofr cos 0 REY, aan ana ae 
+—.—2—rcos0 


V 


where 1, 6 are the coordinates of S. 
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214. We can now find the surface-density of the induced charge. For 
at any point on the sphere \ 


in which we have to put r=a after differentiation. Clearly 


OV — ea (r— 5 cos 8) 


ww SS OO COs 


Putting r=a we obtain 


o=i| a — f cos 0 : a? f?— a? f cos 6 } 
4a \(q2 + f? — 2fa cos 6)# (a2 f?+ at — 2a* f cos @)2 


-z| a — f?/a } 
4x ((q2 + f? — 2fa cos 6)2 
e (f?—«a) | 


47 a. SQ? * 


Thus the surface-density varies inversely as SQ’, so that it is greatest at 
C and falls off continually as we recede from the radius OC. The’ total 


charge on the sphere is — 2% , as can be seen at once by considering that the 


total strength of the tubes of force which end on it is just the same as would 
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be the total strength of the tubes ending on the image at R if the conductor 
were not present. 


Figure 62 shews the lines of force when the strength of the image is a 
quarter of that of the original charge, so that f=4a. It is obtained from 


fig. 19 by replacing the spherical equipotential by a conductor, and annihi- 
lating the field inside, . 


Superposition of Fields. 


215. We have seen that by adding the potentials of two separate fields 
at every point, we obtain the potential produced by charges equal to the total 
charges in the two fields. In this way we can arrive at the field produced 
by any number of point charges and uninsulated conductors of the kind we © 
have described. The potential of each conductor is zero in the final solution 
because it is zero for each separate field. 


There is also another type of field which may be added to that 
obtained by the method of images, namely the field produced by raising the 
conductor or conductors to given potentials, without other charges being 
present. By superposing a field of this kind we can find the effect of point 
charges when the conductors are at any potential. 


216. For instance, suppose that, as in fig. 62, we have a point charge e 
and the conductor at potential 0. Let us superpose on to the field of force 
already found, the field which is obtained by raising the conductor to potential 
V when the point charge is absent. The charge on the sphere in the second 
field is aV, so that the total charge is 


ea 
OV ms 
us 
By giving different values to V, we can obtain the total field, when the 
sphere has any given charge or potential. 


If the sphere is to be uncharged, we must have V =4, so that a point 


charge placed at a distance f from the centre of an uncharged sphere raises 


it to potential ; , a result which is also obvious from the theorem of § 104. 
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\ 
Sphere in a uniform field of force. 


217. A uniform field of force of which the lines are parallel to the axis 
of « may be regarded as due to an infinite charge # at «= R, and a charge 
—E at «=—R, when in the limit # and R both become infinite. The 
intensity at any point is 


parallel to the axis of x, so that to produce a uniform field in which the 
intensity is F parallel to the axis of #, we must suppose # and f to 
_ become infinite in such a way that 

2H 


cis 


Since, in this case, / = oe , the potential of such a field will clearly 


be —F2+C. 


Suppose that a sphere is placed in a uniform field of force of this kind, 
its centre being at the origin, We can suppose the charge # at «=f to 
have an image of strength 


Se ene oe 
es a 
while the other charge has an image 
ie at “2£=— es 
R © ale 


These two images may be regarded as a doublet (cf. § 64) of strength 
Ea | 2a? 


R*R and of direction parallel to the negative axis of The strength 
20° 
= Re =— Fa} 


Thus we may say that the image of a uniform field of force of strength F 
is a doublet of strength Fa* and of direction parallel to that of the intensity 
of the uniform field. 


The potential of this doublet is 
Fa? cos 0 
ae er 
and that of the field of original field of force is 
—Fa2+, 


or, in polar coordinates, — Frcoos 6+ 0, 
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so that the potential of the whole field 


3 
Saat (x Zs =) 6c RO (126). 


=1L375 


Fig. 63. 


a it ought, this gives a constant potential C over the surface of the 
sphere. 


eer SN Gece 


Fie, 64, 


The lines of force of the uniform field F disturbed by the presence of a 
doublet of strength Fa’ are shewn in fig. 63. On obliterating all the lines 
of force inside a sphere of radius a, we obtain fig. 64, which accordingly 
shews the lines of force when a sphere of radius a is placed in a field of 
intensity F. These figures are taken from Thomson’s Reprint of Papers on 

Electrostatics and Magnetism (pp. 488, 489)*. 


* JT am indebted to Lord Kelvin for permission to use these figures. 


i 13 
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218. Line of no electrification. The theory of lines of no electrification 
has already been briefly given in § 98. ‘ We have seen that on any conductor 
on which the total charge is zero, and which is not entirely screened from 
an electric field, there must be some points at which the surface-density o 
is positive, and some points at which it is negative. The regions in which o 
is positive and those in which o is negative must be separated by a line or 
system of lines on the conductor, at every point of which ¢=0. These lines 
are known as lines of no electrification. 


If R is the resultant intensity, we have at any point on a line of no 

electrification, 

R=4roe =0, 
so that every point of a line of no electrification is a point of equilibrium. 
At such a point the equipotential intersects itself, and there are two or more 
lines of force. 

If the conductor possesses a single tangent plane at a point on a line of 
no electrification, then one sheet of the equipotential through this point will 
be the conductor itself: by the theorem of § 69, the second sheet must 
intersect the conductor at right angles. 

These results are illustrated in the field of fig. 64. Clearly the line of no 
electrification on the sphere is the great circle in a plane perpendicular to 
the direction of the field. The equipotential which intersects itself along 
the line of no electrification (V =C) consists of the sphere itself and the 
plane containing the line of no electrification. Indeed, from formula (126), 


it is obvious that the potential is equal to O, either when 6= 4, or 
when r=a. 


The intersection of the lines of force along the line of no electrification 
is shewn clearly in fig. 64. 


Plane face with hemispherical boss. 


219. If we regard the whole equipotential V=C as a conductor, we 
obtain the distribution of electricity on a plane conductor on which there 
is a hemispherical boss of radius a. If we take the plane to be a=0, we 
have, by formula (126), 


V-—C=—Fcos8 (r -o)=- Fe (1 -§) 
r 73) 
At a point on the plane, . 
fe Aar Ox x=0 i, dur i ra 2 


and on the hemisphere 
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The whole charge on the hemisphere is found on integration to be 


"a F ; 

| (z 3 COS 0) 27a? sin 6 dé = 3 Fa?, 
e=o0 \4ar 

while, if the hemispheré were not present, the charge on the part of the 

plane now covered by the base of the hemisphere would be 


(=) Ta? = + Fa. 


Thus the presence of the boss results in there being three times as much 
electricity on this part of the plane as there would otherwise be: this is 
compensated by the diminution of surface-density on those parts of the plane 
which immediately surround the boss. 


Capacity of a telegraph-wire. 

220. An important practical application of the method of images is the 
determination of the capacity of a long straight wire placed parallel to an 
infinite plane at potential zero, at a distance f from the plane. This may be 
supposed to represent a telegraph-wire at height h above the surface of the 
earth. 


Let us suppose that the wire has a charge e per unit length. To find 
the field of force we imagine an image charged with a charge —e per unit 
length at a distance A below the earth’s surface. The potential at a point at 
distances r, 7 from the wire and image respectively is, by §§ 75 and 100, 

C— 2e log r + 2e log r’, 
and for this to vanish at the earth’s surface we must take C=0. Thus the 
potential is 
r 
2e log 7 


At a small distance a from the line-charge which represents the telegraph- 
wire, we may put 7” = 2h, so that the potential is 


2e log _ 


from which it appears that a cylinder of small radius a surrounding the 
wire is an equipotential. We may now suppose the wire to have a finite 
radius a, and to coincide with this equipotential. Thus the capacity of the 


wire per unit length is 
1 


2log 


13—2 
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Infinite series. of Images. 
221. Suppose we have two spheres, centres A, B and radii a, b, of which 
the centres are at distance c apart, and that we require to find the field when 


Bbw 


Fie. 65. 


both are charged. We can obtain this field by superposing an infinite series 
of separate fields (cf. § 116). 


Suppose first that A is at potential V while B is at potential zero. Asa 
first, field we can take that of a charge Va at A. This gives a uniform 
potential V over A, but does not give zero potential over B. We can reduce 
the potential over B to zero by superposing a second field arising from 


Vab ; 
the image of the original charge in sphere B, namely a charge — —= at B’, 


where BB’ = =. This new field has, however, disturbed the potential over 


A. To reduce this to its original value we superpose a new field arising 


b 
from the image of the charge at B’ in A, namely a charge Be pe at Th 
| one 
2 
where AA’=— 7 This field in turn disturbs the potential over B, and so 
6} _— 
c 


we superpose another field, and so on indefinitely. The strengths of the 
various fields, however, continually diminish, so that although we get an 
infinite series to express the potential, this series is convergent. As we shall 
see, this series can be summed as a definite integral, or it may be that a good 
approximation will be obtained by taking only a finite number of terms. 


The total charge on A is clearly the sum of the original charge Va plus 
the strengths of the images A’, A”, ... etc., for this sum measures the 
aggregate strength of the tubes of force which end on A. Similarly the 
charge on B is the sum of the strengths of the images at B’, B’, .... 


To obtain the field corresponding to given potentials of both A and B we 
superpose on to the field already found, the similar field obtained by raising 
B to the required potential while that of A remains zero, 


If 11, Go, Qi2 are the coefficients of capacity and induction, the total charge 
on A when B is to earth and V=1 is gy; similarly that on Bis du- In this 
way we can find the coefficients gy, gi from the series of images already 
obtained. The result is found to be 


ee arb ash? 
Qu =a ap eC it (e— by arc? + eves 
oe ab - a2h? 
ne c(@—v8— a’) SOO: 
and from symmetry 
2 3 
Y 22 = b + _Va_ b a 


e—a ' (@-ay_bet 


As far as 4. these results clearly agree with those of § 116. 


222. The series for 911, 912, Y22 have been put in a more manageable form by Poisson 
and Kirchhoff, 

Let A, denote the position of the sth of the series of points A’, A", ..., and B, the sth 
of the series B’, BY, ...; then A, is the image of B, in the sphere of radius a, and similarly 
B, is the image of A,_, in the sphere of radius 6, Let a,=AA,, 6,=BB,, and let the 
charges at A,, B, be e,, ¢’, respectively. 

Then a,(c—b,)=a? since A, is the image of B,, 

b,(¢—%-1)=0? 4 B, ” ” get: 
Further, by comparing the strengths of a charge and its image, 
a 


mr pee ahr eaea eo 
so that = Gra) Cal cascecaccoes os se eceeeccces ree yp 8 
and similarly é,= "aie Cease: 
(¢—ag~-1) (¢— 55-1) 
é ab a,b, ac—a* 
We have therefore re = Goce a St on we 
oe. Be2 (c— b,41) (c—a,) oe: c (¢— a) ib 
ee ia re ap en ee a" 
By addition we eliminate a,, and obtain 
es @ _c—a—b? 
G1 41 | 0b” 


: 1 
or, if we put rea 


e—aqt-2 


Us+1— Fp tat e-1 =0 eecnceeeeescencese seecceunuee( LO) s 


and from symmetry it is obvious that the same difference equation must be satisfied by a 
eas 
quantity w’,= 7." 
s 


The solution of the difference equation (128) may be taken to be 
u,= Aa? + Bp, 
where a, 8 are the roots of 


2 72 — hz 
eg ee ta, 
ab 
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The product of these roots is unity, so that if a is the root which is less than unity, we 


can Suppose . B 
U,= Aa? + oD 
so that e= tr ’ 
and similarly = ery 
We now have Qu=A+e, +eo+-. 043 aap 


12> eyteot... = 2 4B 


To determine A, B, we have 


uf 
Sh SEG state! 
a ab 
= 4a+B e—oY 
h AN Baers 
so that ey fees Mina = 
where ao 
ada® 1L— 2 
Thus = = ae 
1 a 
and Qu =a(1 — £) {5 =A Toe a (— Fal +. fe 
To determine 4’, B’, we have 
ae eee 
“aS Lae 8 


Fie etal ya ab? 
Aa +B” C(t =a? --b%)’ 
from which, in the same way, 
2) 
qe=- 2 -a) { at7-a+7-2t- |. 


at 1—a® 


The value of goo can of course be written down by symmetry from that of q,,. 


The coefficients each depend on a sum of the type = This series has been 


a’ 
expressed in terms of definite integrals by Poisson. 
From the known formula 


© sin pt =} eP+1 1 
e eznt _ eal ~ 2p 


we obtain, on putting p=log & a”, 


el BE A aac * a® sin (log €2a”*) ¢ 
josanes, log £2 — I, 5 2) genta Oe dit. 
From this follows 


. POR 501 5 a’ *. * Zatsin (2 log €+2sloga)t 
1-£&a* ee ma 0 ent] 
-{ 5 ” sin (2¢ log &) — asin (2¢ log &/a) di 
“3 e 2 (1—a) 1=a%*t Kes o (7 —1)[1 —2a cos (2¢ log a) +a?] . 
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The series has also been expressed in finite terms by E. W. Barnes (Quart. Journ. Math. 
138 (1903), p. 155) in terms of Double Gamma Functions, but neither of these forms is 
convenient for numerical computation. 
A. Russell (Proc. Phys. Soc. 23 (1911), p. 352) has shewn how the original series can be 
rearranged in a rapidly convergent form. If n is an integer, to be chosen subsequently, 


sa oe s=n-1 aé aie 

—— 2 + > (73 > ee rs) 

s=o l — E2 qm =) 1—-&a% sets p=0 ga 
s=n-1 a’ (Ea”)2P 


= > pa NET ec 2 [—aptl' 


The larger m is chosen to be the more rapidly the second series converges, although of 
course large values for m require the computation of a large number (m) of terms in the 
original series. As an example, given by Russell, suppose that a=7r, b=7, c=10r; it is 
sufficient to take n=1 and the series are found to be 

Qu=7r+ $r {1+0:0089509 + 0:0000929 + 0:0000009 + .. .}=7:°5765970r, 
— %2=0°7r +-f5r {1 +0:0003580 + 0°0000001 +...} = 0°8143266r, 
go0= 1°1601124r. 

As a second example Russell takes a=98r, 6=10°8r, and c=a+6+0-2r, so that the 
spheres are almost in contact; the values of the coefficients are obtained to seven figures 
on taking »=4 and computing seven terms of the second series. 


223. Having calculated the coefficients, we can obtain the relations 
between the charges and potentials, and can find also the mechanical force 
between the spheres. If this force is a force of repulsion F, we have 


eee ie Bi ae 


dc dc 
or again Jie ae = — V2 + 22 2a V+ i os Ve. 


The following table, applicable t6 two spheres of equal radius, taken to be unity, is 
compiled from materials given by Lord Kelvin*. 


Ratio of 
Opy Opo2 Opi2 oe 0912 

€ | pir (=Pe2) | Pie | Yu(=%22)| M2 hare eu 2 ( = a) ere hick ag ie nk penne bs 

0 OAL re) — 0 rr) re) oO oe) 1 
ai so *b09 1°584 — 884 154 453 1138 2°349 391 
272 939 "475 1°431 —°724 ‘0826 °305 529 1127 294 
2°5 968 ‘406 1°253 —°525 “0300 181 174 413 "169 
30 ‘986 335 1:146 — ‘389 O101 115 066 186 “089 
Bi) 993 ‘286 1:099 — 317 ‘00437 0825 0344 114 053 
40 ‘996 *250 1:072 — ‘269 ‘00216 0628 0207 ‘079 034 
5:0 ‘998 200 1°044 — ‘209 00065 0401 "0096 048 016 
6:0 "999 167 1°030 — ‘172 00026 0278 0053 031 009 

(eo) 1:0 0 1:0 (0) 0 (0) (0) (¢) 0 

SR eS fo ee ee Se 


* Papers on Electrostatics and Magnetism, p. 96, § 142. 
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Images in dielectrics. 


224, The method of images can‘ also be applied to find the field 
produced by point charges when half of the field is occupied by dielectric, 
the boundary of the dielectric being an infinite plane. 

We begin by considering the field produced by a single charge e at P, it 
being possible to obtain the most general field by the superposition of simple 
fields of this kind. 

We shall shew that the field in air is the same as that due to a charge 
e at P and a certain charge e’ at P’, the image of P, while the field in the 
dielectric is the same as that due to a certain charge e” at P, if the whole 
field were occupied by air. 


Fria. 66. 


Let PP’ be taken for axis of a, the origin O being in the boundary 
of the dielectric, and let OP =a. Then we have to shew that the potential 
V4 in air is 
3 Bee Sere eae e 

V(a+aP+yt+e V(a—aPty+2 
while that in the dielectric is 


V4 


" 


Ty, ot eee ee 
V(a+a)?+ y+ 2 
These potentials, we notice, satisfy Laplace’s equation in each medium, 
everywhere except at the point P, and they arise from a distribution of 
charges which consists of a single point charge e at P. The potential in air 
at the point 0, y, z on the boundary is 
e+e 


= ————— 
é Va? + y? + 22” 
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while that in the dielectric at the same point is 
V; a PERRO © 
ove ate 
Thus the condition that the potential shall be continuous at each point 
of the boundary can be satisfied by taking 
oe Cre are Cee (129). 


The remaining condition to be satisfied is that at every point of the 


boundary, ce, in air shall be equal to K = in the dielectric; 7.¢. that 
= = ae , when « =0 
Now, when #=0, 
OVp _ Kea 
OV, ea ea 


= — ——_ —_, , + ———— ; 
Ox (a? aE y eh 2) (a? a, y? - 2a 
so that this last condition is satisfied by taking 
NG ate SAO Mic ameaants «sags ceecesvarane ts (130). 


Thus the conditions of the problem are completely satisfied by giving 
e’, e” values such as will satisfy relations (129) and (130); ae. by taking 


” 2 


é= é 
STE OP DERE ese Beet ae (131). 

e’ et 

~ L+k 


225, The pull on the dielectric is that due to the tensions of the lines 
of force which cross its boundary. In air these lines of force are the same 
as if we had charges e, e’ at P, P’ entirely in air, so that the whole tension 
in the direction P’P of the lines of force in air is 

| ia 
Niel: 
é (K=-) 
ee 4a: (K +1)" 

This system of tensions shews itself as an attraction between the 
dielectric and the point charge. If the dielectric is free to move and 
the point charge fixed, the dielectric will be drawn towards the point 
charge by this force, and conversely if the dielectric is fixed the point 
charge will be attracted towards the dielectric by this force. 
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INVERSION. 


226. The geometrical method of inversion may sometimes be used to 
deduce the solution of one problem from that of another problem of which 
the solution is already known. 


Geometrical Theory. 


227. Let O be any point which we shall call the centre of inversion, and 


Fic. 67. 


let AB be a sphere drawn about O with a radius K which we shall call the 
radius of inversion. 


Corresponding to any point P we can find a second point P’, the inverse 
to P in the sphere. These two points are on the same radius at distances 
from O such that OP. OP’ = K?. | 


As P describes any surface PQ..., P’ will describe some other surface 
P’Q..., each point Q’ on the second surface being the inverse of some point 
Q on the original surface. This second surface is said to be the inverse 
of the original surface, and the process of deducing the second surface from 
the first is described as inverting the first surface. 


It is clear that if P’Q’... is the inverse of PQ..., then the inverse of 
TQ \-e.will beePQ.. 


If the polar equation of a surface referred to the centre of inversion 
as origin be f(r, 0, ¢)=0, then the equation of its inverse will be 


K2 
f (>. 6, $)=0. For the polar equation of the inverse surface is by 
definition f(r’, 0, 6)=0, where rr’ = K? for all values of 0 and . 
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Inverse of a sphere. Let chords PP’, QQ’,... of a sph + in O 
(fig. 68). ‘Then ' aaa eatin 
OP.OP’=0Q.0Q' =...=#, 
where t is the length of the tangent from O to the sphere. Thus, if t is the 
radius of inversion, the surface PQ... is the inverse of P'”?..., we. the sphere 


is its own inverse. With some other radius of inversion K, let P’Q”... be 
the inverse of PQ..., then 


OPSOP"=00.00 =... = K* 
ae OQ” 4 z R? 
so that OdU oe OO) ges a ae 


and the locus of P”, Q”, ....is seen to be a sphere. Thus the inverse of a 
sphere is always another sphere. 


A special investigation is needed Mt 
when the sphere passes through 0. Let 
OS be the diameter through O, and let 
S’ be the point inverse to S. Then, if p 
P’ is the inverse of any point P on the 
circle, 
OP.OP’ =08. 08", 6 Be 
OP — OS’ 
or OS = OP” 
- so that POS, S’OF' are similar triangles. 
Since OPS is a right angle, it follows — 
that OS’P’ is a right angle, so that the : 
locus of P’ is a plane through S’ perpen- 


dicular to OS’. Thus the inverse of a Fre: 69. 

sphere which passes through the centre 

of inversion is a plane, and, conversely, the inverse of any plane is a sphere 
which passes through the centre of inversion. 
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228. If P, Q are adjacent points on a surface, and P’, Q’ are the corre- 
sponding points on its inverse, then OPQ; 
OQ’P’ are similar triangles, so that PQ, 
P’Q' make equal angles with OPP’. By 
making PQ coincide, we find that the 
tangent plane at P to the surface PQ 
and the tangent plane at P’ to the sur- 
face P’Q’ make equal angles with OPP’. 
Hence, if we invert two surfaces which Fic. 70. 
intersect in P, we find that the angle 
between the two inverse surfaces at P’ is equal to the angle between the 
original surfaces at P, a.e. an angle of intersection is not altered by inversion. 


Also, if a small cone through O cuts off areas dS, dS’ from the surface 
PQ... and its inverse P’Q’..., it follows that 
as. OF 
as’ OP 


Electrical Applications. 


229. Let PP’, QQ’ be two pairs of inverse points (fig. 70). Let a charge 
e at @ produce potential Vp at P, and let a charge e’ at Q’ produce potential 
Vp’ at P’, so that 


=p W=pg: 

then Ten ' pons 09 
Take tie 
then £ =F = gp 


Now let Q be a point of a conducting surface, and replace e by odS, 
the charge on the element’ of surface dS at Q. Let Vp denote the potential 
of the whole surface at P, and let Ve’ denote the potential at P’ due to a 
charge e’ on each element dS’ of the inverse surface, such that 

COO: 
odS K* 
Then, since Vp’ = Vp A for each element of charge, we have by addition 


ee ihe 
ee eae 


Thus charges e’ on dS’, etc. produce a potential 


eS abn 
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__ Now suppose that P is a point on the conducting surface Q, so that 
Vp becomes simply the potential of this surface, say V. The charges ¢’ on 
dS’, etc. now produce a potential . 

VE 


op at P, 


so that if with these charges we combine a charge — VK at O, the potential 
produced at P’ is zero. Thus the given system of charges spread over the 
surface P’Q’..., together with a charge — VK at the origin, make the 
surface P’Q’... an equipotential of potential zero. In other words, from a 
knowledge of the distribution which raises PQ... to potential V, we can 
find the distribution on the inverse surface P’Q’... when it is put to earth 
under the influence of a charge — VK at the centre of inversion. 


If ¢, e’ are the charges on corresponding elements dS, dS’ at Q, Q’, we 
have seen that 


CemedS » k= 00 . 00 
eed 09 ie N00? 
5 ds’ am OQ” 
while as 0Q@? : 
i GOs ae a 744 
Hence = = (aa) = 0g: wc cccccvceccccessceccces (182), 


giving the ratio of the surface densities on the two conductors. 

Conversely, if we know the distribution induced on a conductor PQ... at 
potential zero by a unit charge at a point O, then by inversion about O we 
obtain the distribution on the inverse conductor P’Q’... when raised to 


potential = As before, the ratio of the densities is given by equation (132). 


Examples of Inversion. 

230. Sphere. The simplest electrical problem of which we know the 
solution is that of a sphere raised to a given potential. Let us examine 
what this solution becomes on inversion. 

If we invert with respect to a point P outside the sphere, we obtain the 
distribution on another sphere when put to earth under the influence of a 
point charge P. This distribution has already been obtained in § 214 by 
the method of images. The result there obtained, that the surface-density 
varies inversely as the cube of the distance from P, can now be seen at once 
from equation (182). 

So also, if P is inside the sphere, we obtain the distribution on an 
uninsulated sphere produced by a point charge inside it, a result which can 
again be obtained by the method of images. 

When P is on the sphere, we obtain the distribution on an uninsulated 
plane, already obtained in § 208. 
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231. Intersecting Planes. As a more complicated example of inversion, 
let us invert the results obtained in §212, We there shewed how to find 


Fie. 71. 


the distribution on two planes cutting at an angle & when put to earth 


under the influence of a point charge anywhere in the acute angle between 
them. If we invert the solution we obtain the distribution on two spheres, 
cutting at an angle z/n, raised to a given potential. By a suitable choice 
of the radius and origin of inversion, we can give any radii we like to the 
two spheres. 


If we take the radius of one to be infinite, we get the distribution on a 
plane with an excrescence in the form of a piece of a sphere: in the par- 
ticular case of n= 2, this excrescence is hemispherical, and we obtain the 
distribution of electricity on a plane face with a hemispherical boss. This 
can, however, be obtained more directly by the method of § 219. 


SPHERICAL HARMONICS, 


232. The problem of finding the solution of any electrostatic problem is 
equivalent to that of finding a solution of Laplace’s equation 
VV =0 
throughout the space not occupied by conductors, such as shall satisfy certain 
conditions at the boundaries of this space—.e. at infinity and on the surfaces 
of conductors. The theory of spherical harmonics attempts to provide a 
general solution of the equation V?V =0. 


This is no convenient general solution in finite terms: we therefore 
examine solutions expressed as an infinite series. If each term of such 
a series is a solution of the equation, the sum of the series is necessarily 
a solution, 
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233. Let us take spherical polar coordinates r, 0, ¢, and search for 
solutions of the form 
V=RS, 


where £ is a function of r only, and Sis a function of 6 and ¢ only. 


Laplace’s equation, expressed in spherical polars, can be obtained analyti- 
cally from the equation / 
OV save te V. 
oat + Oye BaF 
by changing variables from 2, y, z to r, 0, , but is most easily obtained by 
applying Gauss’ Theorem to the small element of volume bounded by the 
spheres r and r + dr, the cones @ and 6+ dé, and the diametral planes ¢ and 
g¢+dg. The equation is found to be 
4. (220V, Ly a0 OV" Len ot Vi 
a + jain 000 (sin 78) +72 sin? 6 og? 
Substituting the value V = RS, we obtain 
PPaG 0 + R Z (sin oS) + Ee eS 
ror\ or/ 7 sin @00 06)  r*sin? 6 0¢? 
or, simplifying, 
Re oe 1 £ (sin oS) + Diss 
Ror\ or] Ssndod 00/ ° Ssin? 6 0d? — 
The first term is a function of r only, while the last two terms are inde- 
pendent of r, Thus the equation can only be satisfied by taking 


=0 


=Q, 


10/,0R 
oe eee (188), 
lao as Le Ce 
Ssin 6020 (sin 07 d= 7a) aP Saja) Ssim 0 ag? mi aa Ores 2 (184), 


where K is a constant. Equation (133), regarded as a differential equation 
for R, can be solved, the solution being 


R= ppeseaies 


pe BT UU OUI G OOOO GE OGG 


where A, B are arbitrary constants, and n(n+1)=K. After simplification 
equation (1384) becomes 
0 as Po as 
sin 000 (sin u 28) + sin? 0 Og 
Any solution of this equation will be denoted by S,, the solution being a 
function of n as well as of O and ¢. The solution of Laplace’s equation we 
have obtained is now 


+n(n+1)S=0......... (136). 


Verse (47 - =) Bi 


and by the addition of such solutions, the most general solution of Laplace's 
equation may be reached. 
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234. DEFINITIONS. Any solution of Laplace’s equation is said to be a 
spherical harmonic. x 

A solution which is homogeneous in a, y, 2 of dimensions is said to be a 
spherical harmonic of degree n. 

A spherical harmonic of degree n must be of the form r” multiplied by 
a function of @ and ¢, it must therefore be of the form Ar”S,, where S, 
is a solution of equation (136). 

Any solution S, of equation (136) is said to be a surface-harmonic of 
degree n. 


235. TuHrorEM. If V is any spherical harmonic of degree n, then 
V/r"+ is a spherical harmonic of degree —(n+1). 
For V must be of the form Ar”S,, so that 
V « AS, 
pe yr 2 
which is known to be a solution of Laplace’s equation, and is of dimensions 
—(n+1)inr. Conversely if V is a spherical harmonic of degree —(n + 1), 
then r"*1V is a spherical harmonic of degree n. 


236. TurorEeM. If V is any spherical harmonic of degree n, then 


osttt+u V 
oxsoytdz™’? 
where s,t, and u are any integers, is a spherical harmonic of degree n—s—t—u. 
ove. @ len eV 
For Oa - ayt aaa =0, 


so that on differentiation s times with respect to a, ¢ times with respect to y, 
and uw times with respect to z, 

osttt+ute V stitute 7 ostituts V 

dat Qylaz" * Datdye az" | datoyor® %, 

ostttuy 
2 —————— = 

a i Cee . 
which proves the theorem. 


237. THEOREM. If Sp, Sp, are two surface harmonies of different degrees 


m, n, then 
| i S,Smdo = 0, 


where the integration 1s over the surface of a unit sphere. 
In Green’s Theorem (§ 181), 


[[eve- UV) dedyde = - [fee ay aap = dS, 
put b=7"S,, V=r"8,,, and take the surface to be the unit sphere. 
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Then V7 =0, VV =0, — =- — =— nr’, and a SES i: 
on Or Slag < suOntewt to 


Thus the volume integral vanishes, and the equation becomes 
(nrm421 8,8, — mr" 8, Sn) dw = 0, 
or, since n is, by hypothesis, not equal to m, 


| cee. 


Harmonics of Integral Degree. 


238. The following table of examples of harmonics of integral degrees n=0, —1, —2, 
+1, is taken from Thomson and Tait’s Vatural Philosophy. 
- Sau T+2 Bees ME NET CE, Qr nyz 
N= Oe 1, tani os log ae tan S08 f- 5) Gtegh? Giaegt 


Also if Vo is any one of these harmonics, =— LG y me gVe 


Ox Oe 
a 5 re ; re are harmonics of degree zero. As examples of harmonics derived 


are harmonics of degree —1, so 


that r 


in this way may be given 
re ry 20 zy x a 
vty? wy? vy’ vy? r+z2’ r—2 


By differentiating any harmonic V) any number s of times, multiplying by 728-1 and 
differentiating again s—1 times, we obtain more harmonics of degree zero. 


n=-1. Any harmonic of degree zero divided by r or differentiated with respect to 
2%, ¥ OF Z, e.g. 
: 1 tan-14 Hig NG =a z 
r? or Br Pr—z? wy? # (+z) 


n=-—2. By differentiating harmonics of degree —1 with respect to w, y or z we obtain 
harmonics of degree — 2, e.g. 


x y z z soi r+zZ 
Bw pr pene, Zl. 


n=1. Multiplying harmonics of degree —2 by 7°, we obtain harmonics of degree 1, e.g 


r+zZ 
Ly Y;, 2; ztan-12, z log —— —2r. 


Rational Integral Harmonics. 


239. An important class of harmonic consists of rational integral algebraic 
functions of a, y, z. In the most general homogeneous function of a, y, z of 
degree n there are 4(n+1)(n+2) coefficients. If we operate with V? we 
are left with a homogeneous function of «, y, 2 of degree n — 2, and therefore 
possessing $n (n —1) coefficients. For the original function to be a spherical 
harmonic, these 4n(n—1) coefficients must all vanish, so that we must 
have £n(n—1) relations between the original 4(m+1)(n+2) coefficients. 

J 14 
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Thus the number of coefficients which may be regarded as independent in 
the original function, subject to the condition of its being a harmonic, is 
$(n +1) (m+ 2)—3n(m—1), 
or 2n+1. This, then, is the number of independent rational harmonics of 
degree n. 
For instance, when »=1 the most general harmonic is 
Aa + By + Cz, 
possessing three independent arbitrary constants, and so representing three 
independent harmonics which may conveniently be taken to be a, y and z. 
When n=2, the most general harmonic is 
as? + by? + cz + dyz + eza + fay, 
where a, b,c are subject to a+b+c=0. The five independent harmonics 
may conveniently be taken to be 
YZ, 20, BY, @—y, w— 2%, 
When n=0,2n+1=1. Thus there is only one harmonic of degree zero, 
and this may be taken to be V=1. 
Corresponding to a rational integral harmonic ¥, of positive degree n, 


n 


there is the harmonic cael 


of degree -(n+1). These harmonics of degree 
—(n+1) are accordingly 2n+1 in number. Thus the only harmonic of 


this kind and of degree —1 is - 


Consider now the various expressions of the type 


ostttu il 
aie Cepia sn (137), 
where s+t+u=n. 


These, as we know, are harmonics of degree —(n +1), and from § 235 


it is obvious that they must be of the form aaees where JV, is a rational 


integral harmonic of degree n. Since : is harmonic, V? (=) =0, so that 


a (2)=- (=.+ z=) AR eis: (138). 


The most general harmonic obtained by combining the harmonics of 
type (137) is 


ostttu it 
re re (;) ch Re Oe eee (139), 
but by equation (138) this can be reduced at once to the form 


7) re A orry /l 
oz 2 Ape dx? Oy4 (;) + 2Ayy Ox?’ dy (=) ? 
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where p+q=n-—1 and p’+q’=n. This again may be replaced by 
OQ p=n-1 Qn 1 p=n : on 1 
az a B, Ox? Oy? (=) + Pe 4 By ox? Oy”? (=) : 

so that there are 2n+1 arbitrary constants in all, and it is obvious 

on examination that-the harmonics, multiplied by all the coefficients 


By, ... By’... are independent. Thus, by differentiating : n times, we have 


arrived at 2n+1 independent rational integral harmonics, and it is known 
that this is as many as there are. 


Expansion in Rational Integral Harmonics. 


240. THEOREM*. The value of any finite single-valued function of 
position on a spherical surface can be expressed, at every point of the 
surface at which the function ts continuous, as a series of rational integral 
harmonics, provided the function has only a finite number of lines and points 
of discontinuity and of maxina and minima on the surface. 


Let F be the arbitrary function of position on the sphere, and let the 
sphere be supposed of radius a. Let P be any point outside the sphere at a 
distance f from its centre O, and let Q be any point on the surface of 
the sphere. 


Hia. 72. 


Let PQ be equal to R, so that 
R? = f? + a? — 2afcos POY. 


We have the identity 
fees 140 
i et te Gee ee (140), 
where the integration is taken over the surface of the sphere, a result 
which it is easy to prove by integration. os 
A point charge e placed at P induces surface density -= f a on the surface of 


the sphere (§ 214), and the total induced charge is ae The identity is therefore 
obvious from electrostatic principles. 


* The proof of this theorem is stated in the form which seems best suited to the requirements 
of the student of electricity and makes no pretence at absolute mathematical rigour. 


14—2 
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‘Now introduce a quantity w defined by 


ae 7, 
u-t 4 | Soe peers ae (141), 


so that w is a function of the position of P. If P is very close to the 
sphere, f? — a? is small, and the important contributions to the integral arise 
from those terms for which R is very small: 7.e. from elements near to P. 


If the value of F does not change abruptly near to the point P, or 
oscillate with infinite frequency, we can suppose that as P approaches the 
sphere, all elements on the sphere from which the contribution to the 
integral (141) are of importance, have the same F. This value of F will of 
course be the value at the point at which P ultimately touches the sphere, 
say fp. Thus in the limit we have 

_ (f? — 2°) Fp | aS (142) 


Aaa 


, by equation (140), 


when in the limit f becomes equal to a. 


If the value of / oscillates with infinite frequency near to the point P, we obviously 
may not take F' outside the sign of integration in passing from equation (141) to 
equation (142). 

If the value of F' is discontinuous at the point P’ of the sphere with which P 
ultimately coincides, we again cannot take F outside the sign of integration. Suppose, 
however, that we take coordinates p, 9 to express the position of a point P” on the surface 
of the sphere very near to P’, the coordinate p being the distance P’P’, and 9 being the 
angle which P’P’ makes with any line through 7’ in the tangent plane at P’. Then / 
may be regarded as a function of p, 9, and the fact that /'is discontinuous at P’ is expressed 
by saying that as we approach the limit p=O, the limiting value of F' (assuming such a 
limit to exist) is a function of $—¢.e. depends on the path by which P’ is approached. 
Let #' (9) denote this limit. Then 


res irae F (9) pdpads 
Ara Rs 


a | F(9| oe |as 
2 (role [8 
= | Po (S* [ [Se 7 | 23 


ogi =f F' (9) (3) d$, by equation (140). 
On passing to the limit and putting a=f, we find that 


rhe = i FOS do ee ee ee ee (143), 
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2.¢. wis the average value of F taken on a small circle of infinitesimal radius surrounding 


P. In particular, if / changes abruptly on crossing a certain line through P’, having a 
value F, on one side, and a value Fy, on the other, then the limiting value of w is 


u=$(P,+F). 
If we take @ to denote the angle POQ, 
A-(f- 2af cos 6 + a?)~2 


*( a? — 2af cos 0\ - 
if iis 
1 a — 2af cos 6 a? — 2af cos 6\3 
=> [up Sa Pae oes 8 4g (a Pat on ty mast | 
or, arranging in descending powers of f, 

Neges ti 
in which #, 2, 8... are functions of 6, being obviously rational integral 
functions of cos 6. When @=0, 


gale 2 fe ATR 


a 


GtRG+RS + ...| es ee (144), 


and when @=7, 


Ss 
tae. 1 4(1-4$+5- ) 
a erie ee ee ae 
so that when @=0, 
R= 


and when @=7, 


It is clear, therefore, that the series (144) is convergent for 6=0 and 
§=7, and a consideration of the geometrical interpretation of this series 
will shew that it must be convergent for all intermediate values*. 

Differentiating equation (144) with respect to f, we get 


1 
acos0—f a(z) 1 a 
RB of fe Ste, 
If we multiply this equation by 2f, and add corresponding sides to 
equation (144), we obtain 
ae 


2 co q” 
— Sa Gat) te aa 


Multiplying this equation by — — , and integrating over the surface of the 


sphere, we obtain 
—a aS 22n+1 Gham 
faa | Hass FP, —. 4S, 
Ana : 0 4var f 
* Being a power series in cos @ it can only have a single radius of convergence, and this 
cannot be between cos@=1 and cosd=-1. 
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or, by equation (141), 
1 


Ara 


i= 


3 (Qn + 1) | [rr Gy" ds. 


If the function F is continuous and non-oscillatory at the point P, then 
on passing to the limit and putting f=a, we obtain 


1 ia} 
Faz 53 (en +1) FRR le es, (146). 


a? 


If Fis discontinuous and non-oscillatory, then the value of the series on the right is 
not F, but is the function defined in equation (143). 


Now it is known that 1/r is a spherical harmonic, so that we have 


where the differentiation is with respect to the coordinates of Q. Hence 1/R 
must be of the form (cf. § 233) 


enti 


Rr2 (44 5) SR 3 OR Ie (a7 


where S,, is a surface harmonic of order n. Comparing with equation (144), 
and remembering that a in this equation is the same as the r of equation 
(147), we see that #,, regarded as a function of the position of Q, is a surface 
harmonic of order n, and we have already seen that it is a series of powers 


of cos 6, or of : , the highest power being the nth, so that r”A, is a rational 


integral harmonic of order n. It follows that 


| i Fre ds, 


being the sum of a number of terms each of the form r”P,, is also a rational 
integral harmonic of order n, say V,. On the surface of the sphere 


V=a" i FRAS, 
so that equation (146) becomes 


which establishes the result in question. 


241. THEOREM. The expansion of an arbitrary function of position on the 
surface of a sphere as a series of rational integral harmonics is unique. 


For if possible let the same function F be expanded in two ways, say 


Hime 2 Wie qpnighe teint eecataeeateare es (149), 
I i re Ore (150) 
where W,, W, are rational integral harmonics of order n. Then the function 


u==(Wi-—M) 
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is a spherical harmonic, which vanishes at every point of the sphere. Since 
V’u=0 at every point ‘inside the sphere it is impossible for u to have either 
a maximum or a minimum value inside the sphere (ef. § 52), so that u=0 
at every point inside the sphere. Since W,—W,’ is a harmonic of order n, 
it must be of the form 7S, where S,, is a surface harmonic, so that 


u=ir"S, =0. 


Thus wu is a power series in r which vanishes for all values of r from r=0 
to r=a. Thus S,=0 for all values of n. Hence W,=W,,’, and the two 
expansions (149) and (150) are seen to be identical. 


242. It is clear that in electrostatics we shall in general only be 
concerned with functions which are finite and single-valued at every point, 
and of which the discontinuities are finite in number. Thus the only classes 
of harmonics which are of importance are rational integral harmonics, and in 
future we confine our attention to these. We have found that 


Gi) The rational integral harmonics of degree n are (2n +1) in number, 


and may all be derived from the harmonic “ by differentiation. 


(ii) Any function of position on a spherical surface, which satisfies the 
conditions which obtain in a physical problem, can be 
expanded as a series of rational integral harmonics, p’P P’ 
and this can be done only in one way. 


243. Before considering these harmonics in detail, 
we may try to form some idea of the physical concep- 
tions which lead to them most directly. 


The function é is the potential of a unit charge 


at the origin. If, as in § 64, we consider two charges fe 
+e at points 0’, O” at equal small distances a, —a pee 
from the origin along the axis of #, we obtain as the Poy 
potential at P, 


Vow OMT NI s She Ss 

- 0. eo OP 20P 
_-2.rp'2(). 

0x 


If we take —e. PP” =1, we have a doublet of strength —1 parallel to the 


axis of #, and the potential at P is = (¢). In fact this potential is exactly 


the same as -5 already found in § 64. 
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Thus the three harmonics of order —1 obtained by dividing the rational 
integral harmonics of order 1 by 7°, namely (=), (=) ’ 2 (2) , are 
simply the potentials of three doublets each of unit strength, parallel to 
the negative axes of a, y, z respectively. 

If in fig. 73 we replace the charge e at O’ by a doublet of strength e 
parallel to the negative axis of x, and the charge —e at O” by a doublet 
of strength —e parallel to the negative axis of x, we obtain a potential 


is) 


If instead of the doublets being parallel to the axis of x, we take them 
parallel to the axis of y, we obtain a potential 


el 
axoy (=) ‘ 


So we can go on indefinitely, for on differentiating the potential of 
a system with respect to 2 we get the potential of a system obtained 
by replacing each unit charge of the original system by a doublet of unit 
strength parallel to the axis of x Thus all harmonics of type 


ostttu it 
Ox* Oy oz" (=) 


(cf. § 236) can be regarded as potentials of systems of doublets at the origin, 
and, as we have seen (§ 239), it is these potentials which give rise to the 
rational integral harmonics. 


a2 
244. For instance in finding a system to give potential a (=) , we may replace the 


charge O in fig. 73 by a charge x at distance 2a from O and — se at O. The charge at O’ 


may be similarly treated, so that the whole system is seen to consist of charges 
E, — 24, £, 
u 
62° 
A system of this kind placed along each axis gives a charge —6Z at the origin and 
a charge # at each corner of a'regular octahedron having the origin as centre. The 


potential 
ral GRIN Ge all 
= oat CG) pale) tae (=) 


=0, 
so that such a system sends out no lines of force. 


at the points x= —b, 0, 6 where b=2a, and H?= 


245. The most important class of rational integral harmonics is formed 
by harmonics which are symmetrical about an axis, say that of # There is 
one harmonic of each degree n, namely that derived from the function 


is): 


These harmonics we proceed to investigate, 
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LEGENDRE’S COEFFICIENTS. 
246. The function 
1 


, nN an ay perce (151) 


2ar cos 6 + r? 


can, as we have already seen (cf. equation (144)), be expanded in aconvergent 
series in the form 
A 1 Ci 


” 
Va? — 2ar cos 6 + 7? 2 ge atRo+.. +h, ana -»(152) 


if a is greater than r. Here the coefficients P, P,... are functions of cos 6, 
and are known as Legendre’s coefficients. When we wish to specify the 
particular value of cos 0, we write PB, as P, (cos 6). 


Interchanging r and a in equation (152) we find that, if r >a, 


i 1h a On 
ee HH PH Pet i 153). 

V@—2arcosO+r? 7 vga toast ee) 
We have already seen that the functions R, B&,... are surface harmonics, 
each term of the equations (152) and (153) separately satisfying Laplace’s 
equation. The equation satisfied by the general surface harmonic S, of 
degree n. namely equation (136), is 

re) See Ose 07Sn 

sin 000 (sin = MOST PPE CC ae ear 
In the present case F, is independent of ¢, so that the differential equation 

satisfied by / is 


0 On, 
sma (sin oF) +u(n +1) R= 0, 
or, if we write mw for cos 0, 
re) 
pei pat ie on Cae oh), = Ora» se tneeiew nas 154). 
m{a-« wy 2) 4n(n+ 1) R= (154) 


This equation is known as Legendre’s equation. 


247. By actual expansion of expression (151) 
Pe 1 awe a ey 
(a? — 2ary +r?) ba 71 +4(2 2 S)+eaee-3) +4. 
so that on picking out the coefficient of r, we obtain 
liSdante— lL... Led... ss Loo aD as 


n—2 


ne n| Pa OR en WO ne Tan 


Thus P, is an even or odd function of w according as n is even or odd. It 
will readily be verified that expression (155) is a solution in series of 


equation (1 54). 
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Let us take axes Ox, Oy, Oz, the axis Ox to coincide with the line 6=0, 
then ur=rcos@=a. Then it appears that Br” is a rational integral function 
of x, y, and z of degree n, and, being a solution of Laplace’s equation, it must 
be a rational integral harmonic of degree n. We have seen that there can 
only be one harmonic of this type which is also symmetrical about an axis; 
this, then, must be A,r. 


248. If we write 
(a? — 2aru + 7°)? = f(a) 


we have, by Maclaurin’s Theorem, 


F(a) =f(0) + a {LO} FOO tone nee(156) 


If P is the point whose polar cama are a, 0 and Q 


Q is the point r, 6, then f (2) = 55: The Cartesian co- 


ordinates of P may be taken to be a, 0,0; let those of Q@ be 


: 1 
a“, Y, 2. Then JS) = Ve oars Pte 


differentiation of f(a), 


, 80 that as regards 


hawts Fia. 74. 
Thus rot =(-) oo =(-} o” A 


a i ae 
Oa” af op? + 9? + 2 


-ORG), 


so that equation (156) becomes 
A fl i attoldl 
f@=5-an-(5) +5 Sams) oo 


and on comparison with expansion (153), we see that 


nome a, 


mn! da" \r 
giving the form for 2, which we have already found to exist in § 245. 
249. A more convenient form for P can be obtained as follows. 


Let L— y= (Le 2h ci ae cee (157) 


yal 
ee ts 


so that y=pt+h 
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a 


From this relation we can expand y by Lagrange’s Theorem (cf, Edwards, 
Differential Calculus, § 517) in the form 


ares 1 hm 6) n—1 2— ] n 
= Meta) ba GE ie 
ya ods BO (EI 


Differentiating with respect to p, 
eed Ok Mee LAAN aN 
ga tage D+-+5;(5) (5,) wipe. 


From equation (157), however, we find 


2 


a 
ried — het h)-tH=1lt+hB+... +B +... 


Equating the coefficients of h" in the two expansions, we find 


250. This last formula supplies the easiest way of calculating actual 
values of A. The values of B, B,... P are found to be 


E(w) =p, 
B(v) =4 (84-1), 
B(u) = 4 (548 — 8p), 
Fi (4) = § (85u4 — 30p? + 38), 
E(w) = § (68? — 70n8 + 15), 
B (4) = ze (2381p — 3154 + 1105p? — 5), 
P(w) = A; (429? — 6983p) + 8315p? — 35p). 
251. The equation (u?—1)"=0 has 2n real roots, of which n may be 


regarded as coinciding at 4 =1,and nat ~=—1. By a well-known theorem, 
the first derived equation, 


0 2 nm — 
will have 2n—1 real roots separating those of the original equation. 
Passing to the nth derived equation, we find that the equation 

Caat ae 

— (w—1)"=0 


has n real roots, and that these must all lie between w=—1 and p=+1. 
The roots are all separate, for two roots could only be coincident if the 
original equation (u?—1)"=0 had n+1 coincident roots. 


Thus the n roots of the equation FP, (u) = 0 are all real and separate and 
lie between »=—1 and w=+1. 


220 Methods for the Solution of Special Problems | CH. Vi 


252. Putting ~=1, we obtain 
\ 2 
1+fh+ Ff? +... =————— 
4 ae = ET 
=14+hA+?+..., 
Similarly, when »=—1, we find (cf. § 240) that 


so that R= P= ...=1. 
—-P=4+R=—- h=...=—-1. 


We can now shew that throughout the range from »=—1 to w=+1, 
the numerical value of P, is never greater than unity. We have 


(1 — 2h cos 0+ h?)~ 4 = (1— hei®) 2 d= hei) —2 
1 a 1.3 2 9210 
= (145 he? + 5Ghe +.) 


1 —id 1.3 2 p—218 ) 
x (145 he +9 zve +...J, 


so that on picking out coefficients of h”, : 
Lie3nd,2n—-1 11.3...2n-3 
In = 9-4 Om 2 008 09 + 5-5 ZG 2 008 (n — 2) O +... 


Every coefficient is ‘positive, so that P, is numerically greatest when each 
cosine is equal to unity, te. when 90=0. Thus & is never greater than 


unity. 
Fig. 75 shews the graphs of 2, 2, R, BR, from w=—1 to »=+1, the 


value of @ being taken as abscissa. 


3m 
‘ac oon 


6=0 
y=tirs 
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Relations between coefficients of different orders. 


253. We have 


Sie Shari) Se Lg OP, cs eee (160). 
oe 1 
Differentiating with regard to h, 
Ce ee Oey ek (161), 
ut 
so that (uw —h) (1+ SAB) = (1 — Qh + BY) Suk, 
1 1 


Equating coefficients of h", we obtain 
(n+ YF + 1B = (20 + 1) eR... cc cescac essen (162). 
This is the difference equation satisfied by three successive coefficients, 
Again, if we differentiate equation (160) with respect to yu. 
e SE ps cea 
h(1 — 2hp + h?) ah Pp 
so that, by combining with (161), 
& OL, 
Snh"P, = (uw — h) Th — 
= (pu ) Oe 


Equating coefficients of h”, 


i= = 153 - Ss! siden oreesobnet este casies (163). 
Differentiating (162), we obtain 
(nt) FH 4m we =(2n +1) (n+u22), 
Eliminating Mon fromithia and (163), 
(2n+1)B, = i gfe Ls cas Oe. (164). 
By integration of this we obtain 
[Rwau= Fits es it et ey (165), 


whilst by the addition of successive equations of the type of (164), we 


obtain 
8 pa Qn-WRat Or-)Rst-~ ee _ase-e(166). 
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254, We have had the general theorem (§ 2387) 
[[S:8mdio = 0, 
from which the theorem 


[[ 2 Fa) do =0 


follows as a special case. Or since 


dw = sin 0d0d¢ = — dudd, 
i © Bp) Balt) d= 0 versssescessesereesne (167). 
To find [ ‘ F? (u) du, let us square the equation 
(1 — 2h +h) t = SiR, 


multiply by dw, and integrate from w=—1 to w=+1. 


+1 dp aE 
a1l-2hyt+h? J, (= eG B) dy 


= * Ped, 


-1 0 
all products of the form PF, vanishing on integration, by equation (167). 


The result is 


ota 
Thus Fd is the coefficient of h” in 


= fi Fy 
a 1—2hw+h?’ 
we. in a log ee 
ho lth’ 


and this coefficient is easily seen to be -—. 
2n+1 


We accordingly have 
patel 9 ' 
io iP (m)}? dp — n+l Occ wc we etc esceceees (168). 


255. We can obtain this theorem in another way, and in a more general form, by 
using the expansion of § 240, namely 


Fr= p53 ( S (as+1) | [rP, (cos 6) dS, 


where @ is the angle ees, the esi P and the element dS on the sphere. This 
expansion is true for any function / subject to certain restrictions. Taking F to be a 
surface harmonic §, of order n, we obtain 


(Sup & (28 +1) | [sm P, (cos 6) df 


n+l 


va nt ffs. (cos 6) dS, 
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all other integrals vanishing by the theorem of § 237. Thus 
v 4 2 
| [SePo) aS EE (Sunt 


2n+1 
SP 4a 
or nin (p) do= n+ (Si, wat Pee seereoncccescccces Oaacee (169). 


This is the general theorem, of which equation (168) expresses a particular case. To 
pass to this particular case, we replace S, by P, (u) and obtain, instead of equation (169), 
: 4a 
2 aa NS 2) 
| [ Baw? sin odoag =" P,( 


or, after integrating with respect to @, 


2 
2 a = 
agreeing with equation (168). 


Expansions in Legendre's Coefficients. 


256. THEOREM. The value of any function of 0, which is finite and 
single-valued from 0=0 to =, and which has only a finite number of 
discontinuities and of maxima and minima within this range, can be 
expressed, for every value of @ within this range for which the function ws 
continuous, as a series of Legendre’s Coefficients. 


This is simply a particular case of the theorem of § 240. It is therefore 
unnecessary to give a separate proof of the theorem. 


The expansion is easily found. Assume it to be 
TG) Se FE Gs vee PgR ice cc ssecesenoe (170), 


then on multiplying by 7, () dy, and integrating from «=—-1 to p=+1, 
we obtain 


+1 $=00 41 : 
[R@SW) d= "E a,[ RW) Bw) dp 
_ 2a, 
wns 
every integral vanishing, except that for which s=n, Thus 
i ae 
ay = 3 | CPDL) Ue sreseerceesrsee (171), 


giving the coefficients in the expansion. 
If f(u) has a discontinuity when ~ =», the value assumed by the 
series (168) on putting =m is, as in § 240, equal to 


MU Ts tg Vis Ja bly)\ -teisanede -ccstgnp datectens0s (172), 
where fi (jo), fa(#o) are the values of f(~) on the two sides of the discon- 
tinuity. 
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Harmonic POTENTIALS. 


257. We are now in a position to apply the results obtained to problems 
of electrostatics. 


Consider first a sphere having a surface density of electricity S,. The 
potential at any internal point P is 


V, [| nas =f = S, dS 
a Va? — 2ar cos 6 +r? 


Sa 
~ [2 (1+ 5 R(cos 8) + 5 B(eos 0) +...) ds 
eo hee 
In+-1 qn 


4n 7" Sy 
= Qn+1 qr eee ee ee ee eee errr errr re ere er er er er (173), 


Sn)eoso=1, by the theorems of §§ 237 and 255, 


this expression being evaluated at P. 


Similarly the potential at any external point P is 


Aran? S,, 


Ue Qn +1)" 


These potentials are obviously solutions of Laplace’s equation, and it is 
easy to verify that they correspond to the given surface density, for 


oV oVe 
(ee ) outside a ies inside - ies 


This gives us the fundamental property of harmonics, on which their 
application to potential-problems depends: A distribution of surface density 
S, on a sphere gives rise to a potential which at every point is proportional 


10) Sn 


258. The density of the most general surface distribution can, by the 
theorem of § 240, be expressed as a sum of surface harmonics, say 
c= 5,+ Si+S.4+..., 


in which S, is of course simply a constant. The potential, by the results of 
the last section, is 


8, afr : 
V=4ra |S +> 3 (2) +2 (=) +4 at an internal point ...(174), 


a 
Anca |S (=) “s . (2) ae = (<) +: a at an external point ...(175). 
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EXAMPLES OF THE USE OF HARMONIC POTENTIALS. 


I. Potential of spherical cap and circular ring. 


259. As a first example, let us find the potential of a Ppnetical cap 
of angle a—z.e. the surface cut from a sphere by 
a right circular cone of semivertical angle a— 
electrified to a uniform surface density oy. 


We can regard this as a complete sphere 
electrified to surface density o, where 


o=0, from @6=0 to 0=a, 
o=0 from 0=a to 0=7. 


The value of o being symmetrical about the 
axis 0=0, let us assume for the value of o 
expanded in harmonics Fia. 76, 


o=a+4,8 (cos 6) + a,R (cos @)+.. 
then, iy equation (171), 


Qn+1 
a= 5 


= 
MOE 
6=9r 


= 
= = ! oo{ NC 0) d (cos @) 
0=a 


= 40, {P_, (cos a) — Fi41 (cos a)} 
by equation (165), except when n=0. For this case we have 


6=0 
A) = 40 | d (cos 0) = 4.0, (1 — cos 2). 
d=a 


Thus ; 
c=ha, la —cosa)+ & {Bes (cos a) — B,,, (cos ah P, (cos 9) : 
n=1 
It is of interest to notice that when 0=a, the value of o given by 
this series is c=40,, as it ought to be (cf. expression (172)). 


The potential at an external point may now be written down in the 
form 


n+1 
V = 27rac, la — COs a) (¢ )+ = Beale Beles Feo (=) Ff; (cos 0)| 


and that at an internal point is 


n=0 P _,(cos a) — Fir: (cos a) ()" | 
V = 2rrac, la — COS @) + me erent meer KG EB, (cos 6) 
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On differentiating with respect to a, we obtain the potential of a ring of 
line density o,ada. At a point at which r>a, we differentiate expression 
(176), and obtain 


: UN eens : ayer 
V =2rrac,da [sin a (2) + > #(cosa)sina () P, (cos 6) 4 
n=1 
or, putting ac,da=7 and simplifying, 
=o al 
V =20r aS P, (cos a) sin @ (2) BP (GOs Nik. a, tee. te (178). 
n=0 


Obviously the potential at a point at which r<a can be obtained on 
: ae etd 
replacing (=) by (=) . 


260. These last results can be obtained more directly by considering 
that at any point on the axis 0=0 the potential is 


- 2Q7rar sin a 
See 
V7? + a? — 2ar cos a 
or, if r>a, 


V 


9 ] Nn=0 Ly 
" TAT SIN a =P (cos on (=) Gi 


r n=0 


and expression (178) is the only expansion in Lagrange’s coefficients which 
satisfies Laplace’s equation and agrees with this expression when 9 =0. 


II. Uninsulated sphere in field of force. 


261. The method of harmonics enables us to find the field of force 
produced when a conducting sphere is introduced into any permanent field 
of force. Let us suppose first that the sphere is uninsulated. 


Fic. 77. 
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Let the sphere be of radius a. Round the centre of the field describe 
a slightly larger sphere of radius a’, so small as not to enclose any of the 
fixed charges by which the permanent field of force is produced. Between 
these two spheres the potential of the field will be capable of expression in 
a series of rational integral harmonics, say 

V aie Vine teks te Sea tshied. oak wee é...(179). 

The problem is to superpose on this a potential, produced by the 

induced electrification on the sphere, which shall give a total potential 


equal to zero over the sphere r=a. Clearly the only form possible for 
this new potential is . 


Vay, (-) ony. (=) <7, (=) EA ae, cd Coen (180). 


Thus the total potential between the spheres r=a and r=a’ is 


ml - S40 f1- (Zyt+7, {1- (yt Ae +%{1 . (e)""t+ 


Putting V,=r"S,, the surface density of electrification on the sphere is, 
by Coulomb’s Law, 


1 Oy & 50a 
= a = Sn tir (r ) mae or (Gah 
: 1 pe 
=~ Zhe 1(2n +1)Sp 


1 . 
=~ gq, 2 (2n +1) hh 
This result is indeed obvious from § 258, on considering that the 
surface electrification must give rise to the potential (180), 


If n is different from zero, 
 [[ss.as =o, 


where the integration is over apy sphere, so that 


| Rie = Ome nee 0) 


and [[ "as =0 (it O)\ecousccneseresecstteces: (181). 


Thus the total charge on the sphere 


= |[oas 
=— 7 B2n+1) [Tas 


ey 47a? = — Koa, 


a JY was the potential of the original field at the centre of the sphere. 
15—2 
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262. Incidentally we may notice, as a consequence of (181), that the 
mean value of a potential averaged over the surface of any sphere which 
does not include any electric charge is equal to the potential at the 
centre (cf. § 50). 


If the sphere is introduced insulated, we superpose on to the field 
already given, the field of a charge # spread uniformly over the surface of 


the sphere, and the potential of this field is ts We obtain the particular 
case of an uncharged sphere by taking # =a, and the potential of this 
field, namely u(=)> just annihilates the first term in expression (180), to 
which it has to be added. 


It will easily be verified that, on taking the potential of the original 
field to be ¥ = Fa, we arrive at the-results already obtained in § 217. 


III. Drelectric sphere in a field of force. 


263. An analogous treatment will give the solution when a homo- 
geneous dielectric sphere is placed in a permanent field of force. The 
treatment will, perhaps, be sufficiently exemplified by considering the case 
of the simple field of potential 


Y= Fa=r8,. 


Let us assume for the potential % outside the sphere 


ars, +%, 


and for the potential V inside the sphere 
Y= Br8,, 
no term of the form . being included in Vj, as it would give infinite 
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potential at the origin. The constants a, @ are to be determined from 


the conditions 
K=% 
il 2 at r=a. 


or 
These give a+ 5 = Ba, 
1-2 Kp, 
whence anf at, B=) 
so that h=Fa {1 — =e (2) : 
Kim ppg Fon 
Thus the lines of force inside the dielectric are all parallel to those of 


the original field, but the intensity is diminished in the ratio = 


3 
R42 The 
field is shewn in fig. 78. 


IV. Nearly spherical surfaces. 


264. Ifr=a, the surface r=a+y, where y is a function of 6 and 4, will 
represent a surface which is nearly spherical if y is small. In this case y 
may be regarded as a function of position on the surface of the sphere r=a, 
and expanded in a series of rational integral harmonics in the form 


x — Sy == S, aS Se + 
in which S,, S,, ... are all small. 


The volume enclosed by this surface is 


4 |[rdo 


= || (@ + 8aty) do 


aap te || xde 


=e + 4cra? So 


If S,=0,' the volume is that of the original sphere r=a. 
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The following special cases are of importance: 


r=a+eP,. To obtain the form of this surface, we pass a distance ¢ cos 6 
along the radius at each point of the sphere r=a. It is easily seen that 
when ¢ is small the locus of the points so obtained is a sphere of radius a, 
of which the centre is at a distance e from the origin. 


r=a+a,S,. The most general form for a8, is le+my-+nz, and this 
may be expressed as aecos 6, where @ is now measured from the line of 
which the direction cosines are in the ratio 1:m:n. Thus the surface is 
the same as before. 


r=a+S,. Since ris nearly equal to a, this may be written 


r= a? + 2a8, 
2 
=@+-—7'S,, 
a 
or a+ y?+2°=a?+ an expression of the second degree. 


Thus the surface is an ellipsoid of which the centre is at the origin. It will 


easily be found that r=a-+ e2 represents a spheroid of semi-axes a@ + €, a— = 


and therefore of ellipticity 


265. We can treat these nearly spherical surfaces in the same way in 
which spherical surfaces have been treated, neglecting the squares of the 
small, harmonics as they occur. 


266. As an example, suppose the surface r=a+/8, to be a conductor, 
raised to unit potential. We assume an external potential 


n+ 
v= +B, (2) ‘ 
r r 
where A and B have to be found from the condition that V=1 when 
r=a+S,. Neglecting squares of S,, this gives 


1=2(1 —*»\ 4 BS, 
a a 
1 
so that A= a, B=", 
and Vai 4+ Sn 


By applying Gauss’ Theorem to a sphere of radius greater than a we. 
readily find that the total charge is a, the coefficient of - Thus, the 
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capacity of the conductor is different from that of the sphere only by 
terms in S,?, but the surface distribution is different, for 


40 = — a - = if we neglect S,3, 
= 24 (n+) SoS 
==) Ca) 


the surface density becoming uniform, as it ought, when n =1, 7.e. when the 
conductor is still spherical. 


267. As a second example, let us examine the field inside a spherical 
condenser when the two spheres are not quite concentric. Taking the centre 
of the inner as origin, let the equations of the two spheres be 

r=4, 
r=b+eR. 

We have to find a potential which shall have, say, unit value over r=a, 
and shall vanish over r=b+eR. Assume 

[Pape +28 . 04 DPr, 
Nl 
when B and D are small, then we must have 


=4452+0+ Dak, 


b oT) b 
These equations must be true all over the spheres, so that the coefficients 
of P and the terms which do not involve 2 must vanish separately. Thus 


o=4(1-§R) +42 + O+DIR. 


£ +0-1=0; 2 +Da=0; 
A DB 
+0=0, —5 + pit Db=0. 
From the first two equations 
: ab 
A= ) 
b—a 


and this being the coefficient of x in the potential, is the capacity of the 


condenser. Thus to a first approximation, the capacity of the condenser 
remains unaltered, but since B and D do not vanish, the surface distribution 


is altered. 
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VY. Collection of Electric Charges. 


267a. If a collection of electric charges are arranged in any way 
whatever subject only to the condition that none of them lie outside the 
sphere r=a, then the potential at any point outside the sphere must be 


where e is the total charge inside the sphere (ef. § 266) and S,, S,,... are 
surface harmonics which depend on the arrangement of the charges inside 
the sphere, 


If the total charge is not zero, the potential can also be treated as in 
§ 67, and on comparing the two expressions obtained for the potential, we 
can identify the harmonics S,, S,,.... We find that 


x oN 
S,= Ze (at +m%+22), 


2 
S,= Xe, 3 (az +y 242.2) —4 (mit y2+ ah, 


and it will be easily verified by differentiation that the expressions on the 
right are harmonies. 


This example is of some interest in connection with the electron-theory of matter, for 
a collection of positive and negative charges all collected within a distance a of a centre 
may give some representation of the structure of a molecule. The total charge on a 
molecule is zero, so that we must take e=0, and the potential becomes 


_ Ss 


V oa toa T ene 


The most general form for S; is (cf. § 239) 1 (de-+By+0r), or ». cos 6, where 6 is the 


angle between the lines from the origin to the point a, y, z and that to the point 4, B, 0 
and p is /(A?+ B?+ 02), 


pcos @ 

2 
that at a sufficient distance the molecule has the same field of force as a certain doublet of 
strength ». Clearly when » has any value different from zero, the molecule is “polarised” 
(cf. § 142) in Faraday’s sense. If y~=O0,the potential becomes 


eS ass 
a 


Thus the term which is important in the potential when r is large is , Shewing 


shewing that the force now falls off as the inverse fourth power of the distance. 


It is worth noticing that the average force at any distance 7 is always zero, so that to 
obtain forces which are, on the average, repulsive, we have to assume the presence of 
terms in the potential which do not satisfy Laplace’s equation, and which accordingly 
are not derivable from forces obeying the simple law e/r? (cf. § 192). 
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FURTHER ANALYTICAL THEORY OF HARMONICS. 


General Theory of Zonal Harmonies. 


268. The general equation satisfied by a surface harmonic of order n, 
which is symmetrical about an axis, has already been seen to be 


0 a OSK 
Faw) SA +n (n+ 1)8,=0 Sd cadonaeaes: (182). 


One solution is known to be Pf, so that we can find the other by 
a known method. Assume S,=Pwu as a solution, where wu is a function 
of w. The equation becomes 


(1- ”) Bp: He law w+ Roel —2 


and, since F, is itself a solution, 


ok 
peruse Roe ftn(n+l)Ru=0 ...(183), 
a Snye- 2 (4) - oe ee ind 1) RO, 
OM Ou 
Multiplying this by wu and subtracting from (183), we are left with 
oF, Ou Ou 
a=) {eee eR} une 
or, multiplying by P,, and rearranging, 


(a- yr) Car 2 rR) tO-* eRe (5) =0, 


=0, 


e) 
or again x = (a we) Ba 5 + (1-4) BY im Ge) Y) 
On integration — becomes 
(1—p*) Re ome constant, 


We may therefore take 


in which the limits may be any we rn If we pee 
peadtacssetey eaen enter 4), 
=F oe ar “ a (184) 


the complete solution of equation (182) is 
Sa= Bu a Af, 1 BQn. 
269. The two solutions P, and Q, can be obtained directly by solving 
the original equation (182) in a series of powers of yu. 


. Assume a solution 
Sr = Dy fu” +O,yt + bw? +..., 
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substitute in equation (182), and equate to zero the coefficients of the 
different powers of ». ‘The first coefficient is found to be br (r— 1), so 
that if this is to vanish we must have r=0 orr=1. The value r=0 leads 
to the solution 
Marat tag fades Aa INES iy 
(ine 1.2.3.4 
while the value 7 =1 leads to the solution 
yap PAD M+2) 14, = 8)(U=Nm+2)(D+4) 
+ dae iat e828 1.2.3.4.5 cae 
The complete solution of the equation is therefore 


AUy + Buy. 


UM =1—- 


If n is integral one of the two series terminates, while the other does 
not. If nis even the series uw terminates, while if n is odd the terminating 
series is u,. But we have already found one terminating series which is 
a solution of the original equation, namely &. Hence in either case the 
terminating series must be proportional to #,, and therefore the infinite 
series must be proportional to Qn. 


270. We can obtain a more useful form for Q, from expression (184). 
The roots of /,(u)=0 are, as we have seen, n in number, all real and 
separate, and lying between —1 and+1. Let us take these roots to be 
Giidee = on gee ere 


1 1 
(7-1) {Pa(w)P (#—1) (+1) (Hw — &))? (fo — Ge)? «2. (fb — On)? 
a ds 
= tt E(- pa Se Soon sed (185), 


on resolving into partial fractions. Putting ~=+ 1 and — 1, we find at once 
that a=4,b=—4. 


In the general fraction 


1 

D™ (@—a) (@ — dp)...” 

let us suppose all the factors in the denominator to be distinct, so that we 
may write 


il — C; 
Ha ae 2— ty clase 
On putting «=a,, we obtain at once 
opel a od pres SE feta capt 
(dh — a) (A, — As) (Gy — Gy) ».? 
C= ee ee ete. 
(@_— M) (@y — As) (Ag — Ay) vee” 
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Now let a, and a, become very nearly equal, Say dg= a, + duy, then 


hal 
aie, See, Bb bt te 
1 dy (4, — G3) (a, — Gy)? 
i 1 
while AS One te ee 
9 day (dy — Gs) (Ay = Oy) ose 
The fractions a ih a 
now combine into a ee 
° ; Ny, 
and on putting this equal to 
Cy Gx. 


0 — Ay + Ga? 


it is clear that the value of ¢c,’ must be taken to be ¢,+¢,. Now 
1 { 1 1 } 
+ Cc = = 4. -— Sa > xh 
% ; da, (ae ae as) (a. — 4) see (a — as) (a, = a.) eos 


pias i ( ln ) dan} 
= Oa \(@ — Gs) (@— a4) .../ena, 
0 ((@—a)") 
~ G2) D ean ; 
and this remains true however many of the roots a3, a, ..., coincide among 
themselves, so long as they do not coincide with thé root a. Thus, in 
expression (185), the value of ¢, is 


rohgs eos 
ou (= 1B Wann 
: Sgn 
Putting a) aot (yy); 
we find that 


ee ae 
On (TP) RH) ucay 04s (L— at) {R (ae) 
Since (u — a) R () is a solution of equation (182), we find that 
ole ok 
Sites “(ib = Oa é -- = 0, 
F [d= w){R (HW) + ua) st | +n @m+d) a) 
On putting wp =a,, this reduces to 
= 
2 1 as) R(a)} + - 98) =, 
giving, on multiplication by R (a,), 


so [A a4) (Ba) }]= 0. 


Hence c, = 0. 
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Equation (185) now becomes 


1 i Ne: if ls 
(2-1{iR@) 2 as sca) +2 (u—a,)?” 


so that, on integration, 


du 
pe A > — 
ip (u? — 1) ta (HP th Le att ear 
On multiplying by #,(u), we obtain from eae : 84), 
GE ae GopEntB&) log # ts Ss, ate BG), 


where W,_, is a rational integral function of wu of ive n—1. 


It is now clear that Q, (u) is finite and continuous from »=—1tow=+1, 
but becomes infinite at the actual values w= + 1. 


To find the value of W,_, we substitute expression (186) in Legendre’s 
equation, of which it is known to be a solution, and obtain 


a Wn . 
mae — p?) eh +n(n+1)Wx 


f Tee B+] _ ; pe 
--Zla- Zar weg 444) n(n+I)4R (u) loge 


=2{(2n—1) jis (2.5) Fy eno.) iuteaneds suact aterm meee (187). 


Since W,_, is a rational integral algebraic function of « of degree n —1, it 
can be expanded in the form 


Whar = 0, Fy-1 + Og Fa + 200 
so that 


Fa - eGo enn 1) Me 
= Za, E {a — p*) a + n(n +1) R.| 


= La, {n(n +1)—(n—s) (n—s+1)} B_.. 
Comparing with (187), we find that a,=0 when s is odd, and is equal to 


2 (2n — 2s +1) 
s(2n —s+1) 
when s is even. 
Thus 
_ 2n-1 2Qn—5 2n—-9 
Wart Ty et pe dy 5 (n Bie 2) 
+1 2n-1 
and Os = 4B, (u) log 7 bie —_— Pits hile Rist... 


“a ee O(a th ae 
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271, When we are dealing with complete spheres it is impossible for 
the solution Q, to occur. If the space is limited in such a way that the 
infinities of the Q, harmonic are excluded, it may be necessary to take — 
into account both the PB and Q, harmonics. An instance of such a case 


occurs in considering the potential at points outside a conductor of which 
the shape is that of a complete cone. 


Tesseral Harmonics. 
272. The equation satisfied by the general surface harmonic S, is 
0 OSn Wes, 
sin 000 (sin é a + ain? 0 og 
As a solution, let us examine 


~+n(n+1)S,=0. 


S,= 0®, 
where © is a function of 0 only, and ® is a function of ¢ only. On 
substituting this value in the equation, and dividing by @®/sin? @, we obtain 


sin 8 0 00 1e?® 
) 50 (sim : wiekae agi 


We must therefore have 


+n(n+1)sin? é=0, 


te 
d 06 


=k, 


AC in 0 5) +-n(n-+1)sint 0=—e, 


The solution of the former equation is single valued only when « is of the 
form —m?, where m is an integer. In this case 

® = C,, cos mp + Dm sin md, 
and © is given by 


A) me? > 
(sin 0 oa) + jn@+))-sa5 ®=0, 


el 
sin 6 00 
or, in terms of p, 
= alla } @= 188 
2 fa- 2) Eh + ieee) 9. Osean ees (188), 
an equation which reduces to Legendre’s equation when m= 0, 


273. To obtain the general solution of equation (188), consider the 
differential equation 


(a) x eRe Re ee (189), 


of which the solution is readily seen to be 


If we differentiate equation (189) s times we obtain 


8+1 O° Os z 
(1 - Neat? (ns) mot s(Qn—s+ 1) iota sot LOL); 
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If in this we put s=n, and again differentiate with respect to m, we 


obtain ‘ 
0 
sO) cteatee rs 192), 
a= HEF +e @+y FS 5) 0 (192) 
which is Legendre’s equation with m as variable. Thus a solution of this 


equation is seen to be 
es \" — py” 
Ai OF C (; (1—p)", 


giving at once the form for FP, already obtained in § 249. The general 
solution of equation (192) we know to be 


Tipe Poe 
op” 

If we now differentiate (192) m times, the result is the same as that of 
differentiating (189) m+n+1 times, and is therefore obtained by De 
s=m+n+1 in ids This gives 

1 ew oe wey 9 1 1 on eae z 

( - bt) (m + ) bra ee + (mt Ae m) = mt mth =0, 
or, multiplying by (1 — 2)”, 

Stiomtnte, M Qmint g 
(1 — p*)? pment — 21) (LP ye)? ene 


+(m+n+1)(n-—m)(1- py rs mn =O rede: fost LOS). 
L ¢ AG Qmtn zg 
et qd —p ) viral =4% 
ml om m+n 
Then AY =(1- - pay — mtn ee at 2) = ’ 


9 7 ms gmat: m+n+1 
and ae pe)? Wane (2m + 2) w(1— 2) Se 


mtn z 
rs) ee 


ay) ie ae yl (= Pye ' 
=— vf(m+ n+1)(n—m)+m— — a , by equation (198), 
=-0{n(n41)- “Hh. 
l- 
Thus v satisfies 


w =a ov m 
= 4a #) Sit + p@+D- p=} v=o, 


and this is the same as equation (188), which is satisfied by . 
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274, The solution of equation (188) has now been seen to be 


 omtn 
e=(1-p)*: sae 
where a, =AR+ BQn. 
Hence =A(1- we — yw)? 3 ee os 
The functions (1 — 2)? — so z (l- jo)! om i a 


on™ ee ? 
are known as the associated Legendrian at of the first and second 
kinds, and are generally denoted by P™(u), Q™(«). As regards the former 
we may replace F,, from equation (159), by 
i | 
Pen | Ope (w?— 1)", 


and obtain the function in the form 
mn 1 es Oa 
Fs (4) = San L — HY” oven (HP — 1)" paccceer (194), 


It is clear from this form that the function vanishes if m+n> 2n, we. if 
m>n, It is also clear that it is a rational integral function of sin 6 and 
cos 6. From the form of Q, («), which is not a rational integral function of p, 
it is clear that Q%(u) cannot be a rational integral function of sin @ and 
cos @. 


Thus of the solution we have obtained for S,, only the part 
P2 (u) (Cm cos mh + Dm sin mp) 

gives rise to rational integral harmonics. The terms P7(u)cosm¢ and 
P® (yw) sin m¢ are known as tesseral harmonics. 

Clearly there are (2n + 1) tesseral harmonics of degree n, namely 

F(z), cospPi(u), sind P;,(y), ... cosnd Pr (u), sin nd Pr (uw). 

These may be regarded as the (2n +1) et rational integral har- 
monics of degree n of which the existence has already been proved in § 239, 


Using the formula 
om Pr (1) 

Ou m 
and substituting the value obtained in § 247 for F,(u) (cf equation (155)), 
we obtain P™ (w) in the form 

a (2n) !sin™ @ fey fy (n —m) (n —T= ) n—m—2 
Mr tae OC Cn 
4. —m)(n—m—1)(n—m—2)(n—m—83) ON he ak 
2.4 (2n—1) (Qn—8) 


Pr) =sin™ 0 ———— 
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The values of the tesseral harmonics of the first four orders are given in 
the following table. \ 


Order 1. cos 0, sin@cos¢, sin @sin ¢. 


Order 2. 4(8cos?@-1), 8sin@cosOcos¢, 3sin Ocos O sing, 
3 sin? @cos2¢, 3sin?@sin 2¢. 


Order 3. 4(5cos*@—3cos0), sin @ (5 cos? d — 1) cos ¢, 
8sin 0(5cos?@—1)sin¢, 15 sin? @ cos 6 cos 2¢, 
15 sin? 6 cos @sin2¢, 15sin*@cos3¢, 15sin*@sin 3¢. 


Order 4. 4(85 cos‘ @— 30 cos?6+3), $sin 0 (7 cos 0 —8 cos @) cos ¢, 
§sin 0(7 cos*9—3cos 6) sind, 42sin? @ (7 cos? @— 1) cos 24, 
15 sin? 6(7 cos?@—1)sin2¢, 105 sin* @ cos @ cos 3¢, 
105 sin® @ cos sin 3¢, 105 sin‘@cos 4, 105 sin‘ @ sin 4d. 


275. We have now found that the most general rational integral surface 
harmonic is of the form 


Sy = 5P® (1) (Am cos mb + Byy sin md), 


in which P”() is to be interpreted to mean F,(u), when m=0, 
Let us denote any tesseral harmonics of the type 
Pi (uw) (A cosmp + Bsinm@) by S™. 
Then by § 237, i Sm 8S" do = 
ifn+n’, Ifn=n’, then 


[[se sz = |{[ PeGy Pr (1) (Am cos md + Bry sin, md) 
(Am cos m’ @ + By sin m ’ 6) de, 


and this vanishes except when m =m’, 
When n=n’ and m=m’ the value of i | Sr Si dw clearly depends on 


+1 
that of | , {P™ (u)}?du, and this we now proceed to obtain. 


We have 


ih {Pr (u)} du = ie (ts vm (Ge Py du 


am P gm Punt 
= 1 — p?)" n n 
I “) on™ Ou iP 


t1lgm—] P. fs) om P 
— | tg Oe FSI ae ..(298) 
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Since ea = F,is a solution of equation (191), we obtain, on taking s=m+n 
in this equation, and multiplying throughout by (1 — p2)">, 


; omt1 P gmP 
= me AY ie ; — 12\m—1 
Ce rE om 


Ge Jes 


owt ? 


+(n+m)(n—m+1)(1— pw)" 
which, again, may be written 
ee 8 


0 al ls — 
se {Own Fat} == (n+ m) (n= m +1) = pay 


In equation (195) the first term on the right-hand vanishes, so that 


Pierre aormo-men fae) a 


1 
1 


+1 
= (n+ m) (a= m+ 1)| {Pa wh du, 
a, reduction formula from which we readily obtain 
ue (n+m)! | ee 
P®(u)Pdp= : B(u)}d, 
fh { mn (+4)} i (n—m)!J -1 { (u)} Pe 


eee ae) 
~ In+-1(n—m)V 


These results enable us to find any integral of the type | i 8,8’ dow. 


Biazxal Harmonics. 


276. It is often convenient to be able to express zonal harmonics 
referred to one axis in terms of harmonics referred to other axes—z.e. to 
be able to change the axes of reference of zonal harmonics. 


Let P, be a harmonic having OP as axis. At @ the value of this is 
P, (cosy), where y is the angle PQ, and our problem is to express this 
harmonic of order m as a sum of zonal and tesseral harmonics referred to 
other axes. With reference to these axes, let the coordinates of @ be @, ¢, 
let those of P be , ®, and let us assume a series of the type 


P, (cos ¥) == P35, (cos @) (A, cos sh + B,sin sd). 


Let us multiply by P%,(cos @) cos sp and integrate over the surface of a unit 
sphere. We obtain 


i} P,(cos y) {Ps (cos 6) cos sp} do = A, i | {Ps (cos 8)}* cos* sp deo 
16 
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By equation (169), : 
[|* (cos 7) {Ps (cos @) cos sh} da = 


\ 4ar 
2n +1 


{P%, (cos @) cos s},=0 


pres 2 (cos @) cos s®, 


“4 + of 
and f i (P+ (cos 6)}? cost sh deo = is. (Ps (u)}? du if cost sh dep 
2r (n+s)! 
= ack (ae 
Thus 


# (n—s)! 5, 
A, tee site * (cos @) cos s®, 


and similarly 


B,=2 eS = oi , P;, (cos @) sin s®. 


This analysis needs modification when s= 0, but it is readily found that 


= (cos @), B,=0, 
so that 


B, (cos y) = £, (cos 6) B, (cos ©) +5 2 (e ot , Pi (cos 0) Px, (cos ®) cos s (f — P) 


GENERAL THEORY OF CURVILINEAR COORDINATES. 


277. Let us write 


op (a, y, z) =i, 
vb (a, Y, 2) = p, 
X(&, Y z=, 


where ¢, W, x denote any functions of x, y, z. Then we may suppose a point 
in space specified by the values of A, wu, v at the point, z.e. by a knowledge of 
those members of the three families of surfaces 


d (a, y, 2) =cons.; W(x, y, Z)= cons. ; x (a, y, 2) = cons. 
which pass through it. 


The values of A, mw, v are called “curvilinear coordinates” of the point. 
A great simplification is introduced into the analysis connected with 
curvilinear coordinates, if the three families of surfaces are chosen in such 
a way that they cut orthogonally at every point. In what follows we shall 
suppose this to be the case—the coordinates will be “orthogonal curvilinear 
coordinates.” 


The points A, w, v and ~+dA, pw, v will be adjacent points, and the 
distance between them will be equal to dA multiplied by a function of 
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A, #, and v—let us assume it equal to ae Similarly, let the distance 


hy 
from vA, pw, v to rA, w+dy, v be a , and let the distance from 2, p, v to 
2 : 
nr, Bs vy+dv be aeblos 
hee 


Then the distance ds from 2, », v to X+dd, w+dy, v+dy will be 
given by 


‘dx 2 d 2 2 
(asp =, Gd) +Or, 


this being the diagonal of a rectangular parallelepiped of edges 


Laplace’s equation in curvilinear coordinates is obtained most readily by 
applying Gauss’ Theorem to the small rectangular parallelepiped of which 
the edges are the eight points 


rA+4drA, wttdu, vitdr. 


In this way we obtain the relation 


av 
i = dS 0 cettain. as6t te Bi (197) 
in the form * are 
8 (aha Vi aie RT pees aie 
ax Nigh: ax) * aa ck, a) T Bo ists Go) 70 oo 18) 


and as we have already seen that equation (197) is exactly equivalent to 
Laplace’s equation V’V =0, it appears that equation (198) must represent 
Laplace’s equation transformed into curvilinear coordinates. 


In any particular system of curvilinear coordinates the method of pro- 
cedure is to express hy, hg, h; in terms of , w and », and then try to obtain 
solutions of equation (198), giving V as a function of A, w and », 


SPHERICAL PoLAR COORDINATES. 


278. The system of surfaces r=cons., @=cons., ¢=cons. in spherical 
polar coordinates gives a system of orthogonal curvilinear coordinates. In 
these coordinates equation (198) assumes the form 

OT a UN Rear ee x LCR im 
("ar ) + and a0 (8 9 ag ire oe 
already obtained in § 233, which has been found to lead to the theory of 
spherical harmonics. 
16—2 
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CoNFOCAL COORDINATES. 


279. After spherical polar coordinates, the system of curvilinear coordi- 
nates which comes next in order of simplicity and importance is that in 
which the surfaces are confocal ellipsoids and hyperboloids of one and two 
sheets. This system will now be examined. 


Taking the ellipsoid 


be De eo 
saat fea TG snqeeae dee reat ee eee (199) 
as a standard, the conicoid 
nu? oy 2 3 
ue + RL sae ty: SL Raha. Been (200) 


will be confocal with the standard ellipsoid whatever value @ may have, and 
all confocal conicoids are represented in turn by this equation as @ passes 
from —o to +0. 


If the values of 2, y, 2 are given, equation (200) is a cubic equation in @. 
It can be shewn that the three roots in @ are all real, so that three confocals — 
pass through any point in space, and it can further be shewn that at every 
point these three confocals are orthogonal. It can also be shewn that of 
these confocals one is an ellipsoid, one a hyperboloid of one sheet, and one 
a hyperboloid of two sheets. 

Let >, w, v be the three values of 6 which satisfy equation (200) at any 
point, and let 2, uw, v refer respectively to the ellipsoid, hyperboloid of one 
sheet, and hyperboloid of two sheets. Then A, w, v may be taken to be 
orthogonal curvilinear coordinates, the families of surfaces ) =cons., ~ =cons., 
v=cons. being respectively the system of ellipsoids, hyperboloids of one 
sheet, and hyperboloids of two sheets, which are confocal with the standard 
ellipsoid (199). 


280. The first problem, as already explained, is to find the quantities 
which have been denoted in § 277 by hy, hz, hs. As a step towards this, we 
begin by expressing «, y, z as functions of the curvilinear coordinates A, y, v. 

The expression 

24.) (b+ 0) (c? +8) aay 
[dag ates Tere | 
is clearly a rational integral function of @ of degree 3, the coefficient of 6? 
being —1. It vanishes when @ is equal to X, pu or », these being the curvi- 
linear coordinates of the point a, y, 2 Hence’ the expression must be equal, 


identically, to 
—(9—A)(O— pw) (O—»). 
Putting = — a? in the identity obtained in this way, we get the relation 
a (Ua) (A= a) =(a +d) (02 +p) (a? +), 
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so that #, y, 2 are given as functions of X, u, v by the relations 


(a? +2) (a? + GEE P) 
eat aa Ge FD (201). 


281. To examine changes as we move along the normal to the surface 
X=cons. we must“keep mw and y constant. Thus we have, on logarithmic 
Hinereniation of equation (201), 

dx __ dn 
Z W+nr’ 
and there are of course similar equations giving dy and dz. Thus for the 
length ds of an element of the normal to \=constant, we have 


(ds) = (da) + (dy + (dey 


= ara aor 
=}(dr) = (a? + w) (a+) 


FF Oa) E= A) 


(dr)? 


= } OG A— Ht) A— v) 


+2) (b? + A) (ce? +A)" 
The quantity ds is, however, identical with the quantity called be i 
§ 277, so that we have 
4 (a? +2) (B? +2) (c? + r) 
i een eke BTR ea 202) ; 
O=H)O—0) sri 


and clearly h, and hs can be obtained by cyclic interchange of the letters 
>, # and »v. 
282. If for brevity we write 
Ay=V(a+ *) (+2) (+r), 
we find that 
peas 


Ih; SoA 


so that by substitution in equation (198), Laplace’s equation in the present 
coordinates is seen to be 


a ei ie 2a 8 A, au 
au) ee att +o {e- MEN. aust Get RAL op 


On multiplying throughout by A,A,A,, this equation becomes 


(Gia) ee (A, la = W-r) Ane (4, vr) 


v)V¥ -1, 


peg 2 (a, 5) =0 
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Let us now introduce new variables a, @, y, given by . 


then we have 


and equation (204) becomes 


pee av avs . 
(4-0) Fe tM ame tO Mae HO ete (205). 


Distribution of Electricity on a freely-charged Ellipsoid. 
283. Before discussing the general solution of Laplace’s equation, it will 
be advantageous to examine a few special problems. 
In the first place, it is clear that a particular solution of equation (205) is 


where A, B are arbitrary constants. The equipotentials are the surfaces 
a=constant, and are therefore confocal ellipsoids. Thus we can, from this 
solution, obtain the field when an ellipsoidal conductor is freely electrified. 


For instance, if the ellipsoid 


‘ at et ea 

is raised to unit potential, the potential at any external point will be given 
by equation (206) provided we choose A and B so as to have V=1 when 
X=0, and V=0 when X=. In this way we obtain 


The surface density at any point on the ellipsoid is given by 


Ov LWeV oe ae oF 
One i soh. On On 
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Thus the surface density at different points of the ellipsoid is proportional 
to hy. 


284. The quantity h, admits of a simple geometrical interpretation. 
Let 1, m, n be the direction-cosines of the tangent plane to the ellipsoid at 


ae 


any point 2, pw, v, and let p be the perpendicular from the origin on to this 
tangent plane. Then from the geometry of the ellipsoid we have 
PH(VWFAVP+(P+A)mMe+ (CHA) N? ores. (209). 
Moving along the normal, we shall come to the point +d, u,v. The 
tangent plane at this point has the same direction-cosines 1, m, n as before, 


but the perpendicular from the origin will be p+dp, where dp= — To 
1 


obtain dp we differentiate equation (209), allowing » alone to vary, and so 
have 
2pdp = dr (P + m? + n?)=adn. 

Comparing this with dp = so , we see that h, = 2p. 

Thus the surface density at any point is proportional to the perpendicular 
from the centre on to the tangent plane at the point. 

In fig. 79, the thickness of the shading at any point is proportional to 
the perpendicular from the centre on to the tangent plane, so that the 
shading represents the distribution of electricity on a freely electrified 
ellipsoid. 

It will be easily verified that the outer boundary of this shading must 
be an ellipsoid, similar to and concentric with the original ellipsoid. 


285. Replacing /, by 2p in equation (208), we find for the total charge H 
on the ellipsoid, 


H= Ep fide ilo Saat | pds. 
ar 
Qrabe | — 
o Aa 


Since I pdS is three times the volume of the ellipsoid, and therefore 


equal to 4zrabe, this reduces to 
2 


of Big 


E 
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Since the ellipsoid is supposed to be raised to unit potential, this quantity 
E gives the capacity of an ellipsoidal conductor electrified in free space. 


The capacity can however be obtained more readily by examining the 
form of the potential at infinity. At points which are at a distance r 
from the centre of the ellipsoid so great that a, b,c may be neglected in 


comparison with r, % becomes equal to 7, so that A, = r?, and 


Thus at infinity the limiting form assumed by equation (207) is 
2 


tl aye 


V= 


and since the value of V at infinity must be s the value of H follows at 


once, 
A freely-charged spheroid. 
286. The integral | : ue is integrable if any two of the semi-axes 
0 Aa 


become equal to one another. 
If b=c, the ellipsoid is a prolate spheroid, and its capacity is found to be 
ake a 2ae 
Pee aie ay te 
PTR TIRES ig 
0 (+2) (a+r) le 


where e is the eccentricity. 


H= 


If a =, the ellipsoid is an oblate spheroid, and its capacity is found to be 


ef 2 ay be 
sae dr ~ gine° 
0 (a2 +r)(2+A)3 


Elliptic Disc. 
287. In the preceding analysis, let a become vanishingly small, then 
the conductor becomes an elliptic disc of semi-axes b and c. 


The perpendicular from the origin on to the tangent-plane is given, as in 
the ellipsoid, by 
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and when a is made very small in the limit, this becomes 


+ = a 
ee ee 
at b2 Cc 
so that the surface density at any point 2, y in the disc is proportional to 
yf? ZA -$ : 
(1 pipe gt ek seeaaak Beth (210). 


Circular Disc. 


288. On further simplifying by putting b=c, we arrive at the case of a 
circular disc. The density of electrification is seen at once from expression 
(210) to be proportional to 

r\—3 
(1 ms =) ? 
e 


and therefore varies inversely as the shortest chord which can be drawn 
through the point. 
Moreover, when a= 0 and b=c, we have A, = (c?+A) V 2X, so that 
SE Nee ne C °d\ 7 
‘ — =- tan (+z) and 7—-=-- 
h Ox ec Vr 0 A, ¢ 
Thus the capacity of a circular disc is < , and when the disc is raised to 


potential unity, the potential at any external point is 


2 Cc 

— tan (~) é 

7 Na 
where 2 is the positive root of 


ae ae 


a te + 2 l 


289. Lord Kelvin* quotes some interesting experiments by Coulomb on the density 
at different points on a circular plate of radius 5 inches. The results are given in the 


following table : 


Distances from the 
plate’s edge 


Observed Densities Calculated Densities 


5 ins. 1 1 

4 1:001 1:020 
3 1:005 1:090 
2 Vey 1:250 
1 1:52 1:667 
05 2°07 2994 
0 2°90 co 


* Papers on Elect. and Mag. p. 179. 
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Much more remarkable is Cavendish’s ees, determination of the capacity of a 


circular disc. Cavendish found this to be — times that of a sphere of equal radius, 


while theory shews the true value of the denominator to be s or 1°5708 ! 


290. By inverting the distribution of electricity on a circular disc, taking 
the origin of inversion to be a point in the plane of the disc, Kelvin* has 
obtained the distribution of electricity on a disc influenced by a point charge 
in its plane, a problem previously solved by another method by Green. The 
general Green’s function for a circular disc has been obtained by Hobson f. 


Spherical Bowl. 


291. Lord Kelvin has also, by inversion, obtained the solution for a 
spherical bowl of any angle freely electrified. Let the bowl be a piece of 
a sphere of diameter f. Let the distance from the 
middle point of the bowl to any point of the bowl 


be r, and let the greatest value of r, 1e. the dis- 
tance from a point on the edge to the middle point 
of the bowl, be a. Then Kelvin finds for the elec- 7 
tric densities insidé and outside the bow! : 
aoe = = js =I fi— a 
Mires “ails oe (SN he 
Po = pi ae ss Fic. 80. 


Some numerical results calculated from these formule are of interest. The six values 
in the following tables refer to the middle point and the five points dividing the arc from 
the middle point to the edge into six equal parts. 


Plane dise , Curved dise are 10° Curved disc are 20° 
oo ee el ea ease ee ee, Teen 
Pi po Mean Ps, po Mean Pi po Mean 
1:00 1:00 1:0000 91 1:06 1:0000 86 114 1:0000 
1:01 101 1:0142 “95 1:08 10141 88 LS 1:0010 
1:06 1:06 1:0607 99 1:13 1:0605 92 1:20 1:0369 
1:15 115 1:1547 1:09 1:22 1:1542 1:02 1:29 1:1106 
1:34 1°34 13416 Leo 1-41 1°3407 1:29 156 1:2606 


1°81 1:81 1:8091 1°74 1:88 18071 1°67 1:94 16474 


* Papers on Elect. and Mag. p. 183. 
+ Trans. Camb, Phil. Soc. xv. p. 277. 
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Lillipsoidal Harmonies 


Bowl are 270° 


Bowl are 340° 


Pi Po Mean Pi po Mean 
013 1986 10000 0001 19999 1:0000 
014 1:987 10009 0002 19999 10000 
‘018 1:991 10041 0002 20000 10001 
025 1-998 10118 0004 2°0001 1:0002 
045 2018 10316 0009 20006 1:0007 
120 2°093 1:1060 0042 2 0040 10041 


Discussing these results, Lord Kelvin says: “It is remarkable how slight an amount 
of curvature produces a very sensible excess of density on the convex side in the first two 
cases (10° and 20°), yet how nearly the mean of the densities on the convex and concave 
sides at any point agrees with that at the corresponding point on a plane disc shewn in 
the first column. The results for bowls of 270° and 340° illustrate the tendency of the 
whole charge to the convex surface, as the case of a thin spherical conducting surface with 
an infinitely small aperture is approached.” 


ELLIPSOIDAL HARMONICS. 
292. We now return to the general equations ( 205), namely 
eV Oo Vv 
(has at Cae Omg 0 einielwiutelaterels re (211) 
and examine the nature of the general solutions of this equation. 
Let us assume a tentative solution 


V=IMN, 


in which Z is a function of X only, M a function of wu only, and WV a function 
of v only. Substituting this solution the equation reduces to 


1 el 1 oem Ten 
(H— *) 5 aa td) age tO) HF aa 


2 
Since a is a function of % only, + ee is a function of \ only, and the equa- 


tion may be written in the form 


(u—v) f(r) + (v—d) F(p) + A 4) B(v) =0, 


where f, F and © are functions whose form we have to determine. 


This functional equation must hold for all values of X, p, v- Putting w=v 
we find that F(v) = ®(v), and since this is true for all values of-v, F and ® 
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must be the same function. By a similar procedure, it follows that / must 
also be the same function, so that the équation can be written 


(w—v) f(r) + V—a)f(H) + A- Bw) SY) = 0. 
To find the form of the function f we put »=0 and obtain 
fw- FO) _fO=-FO 
po v 


Thus a function of uz is equal to the same function of v, so that each must 
be a constant. Calling this B, and writing A for f(0), we find that 


F)=A+ Br 


293. Restoring its value to % (A) we see that we must have 


ate SIRE Tae (212), 


and similar equations, with the same constants A and B, must be satisfied 
by M and NV. 


Equation (212), on substituting for a in terms of A, erates 


Ma sar a 
- (as a) Chie Se AeA a (213), 


a differential equation of the second order in A, while M and WI satisfy 
equations which are identical except that u and v are the variables. 


The solution of equation (218) is known as a Lamé’s function, or ellip- 
soidal harmonic. The function is commonly written as’ %(n), where p, n 
are new arbitrary constants, connected with the constants A and B by the 
relations 

n(n+1)=B, and (+¢)p=—A. 
Thus £% (A) is a solution of 


Ph =n (ntI-pU+ oe) L 


and a solution of equation (211) is 


Vi 2,2 EPA) E(t) Lye tea. een ceeeten: (214). 


294, Equation (213) being of the second order, must have two inde- 
pendent solutions. Denoting one by Z, let the other be supposed to be Lw. 
Then we must have 

OL 
dae 


0 ae 


=(A + Br) L, 


=(A+Bn) Lu; 
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so that on multiplying the former equation by u, and subtracting from the 
latter, 
9 oh Ow 
L; noe 2 a da ha 
_ [da dn 
TP J TA,’ 
and the complete solution is seen to be 


Thus 


dn 


CL+ DL |e. 


where C and D are arbitrary constants. 


Accordingly, the complete solution of equation (211) can be written as 


v= SS = (Cn E2(r) + Dp E2(X) | TE) 


(One! B2(u) + Dnp EX, (1) RE) 


( Cap Eh (v) + Dnp” EX(v) | ore 
This corresponds exactly to the general solution in rational integral 
spherical harmonics, namely 
SD (Cagl” Dit) 
pn 
(Cr, oP? =D, €- 8?) 
(Cnp’ P2(cos 0) + Dp” P2(cos6)). 


Ellipsoid in uniform field of force. 

295. As an illustration of the use of confocal coordinates, let us examine 
the field produced by placing an uninsulated ellipsoid in a uniform field of 
force. 

The potential of the undisturbed field of force may be taken to be V= Fa, 
or in confocal coordinates (cf. equation (201)) 

(a? + d) (+p) (a +») 

(Baa) (ea) 
This is of the form V=CLMN, 


where C is the constant F (b?— at)~3 (?— a?) eH , and L, M, N are functions of 
» only, » only and » only, respectively, namely L = Va? +X, ete. 

Since V = LMN is a solution of Laplace’s equation, there must, as in § 294, 
be a second solution V= Lu. MN, where 


V=f 


=| = lesa =e r) Ay” 
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The upper limit of integration is arbitrary: if we take it to be infinite, 
both w and Zw will vanish at infinity, while 17 and WV are in any case finite 
at infinity. Thus Zu. MN is a potential which vanishes at infinity and is 
proportional (since w is a function of » only) at every point of any one of the 
surfaces X = cons., to the potential of the original field. Thus the solution 


Via CLUN Dba MIN Acces ve a (215) 


can be made to give zero potential over any one of the surfaces ) = cons., by 
a suitable choice of the constant D. 


For instance if the conductor is ) = 0, we have, on the conductor, 


w= fe 
rte 0 (a?+Ar)A,° 


Thus on the conductor we have 


APSO aN 
v=LMN(c+D{° =~). 
0 (a? + r) x) 
The condition for this to vanish gives the value of D, and on substituting 
this value of D, equation (215) becomes 


U \ 
ee ee] eee 
0 (a? + r) Ay 


[* dr 


Th jee, sna ce Be eas 


[om NT 
ipa L, wom Ay 


"ofa OSE, Ay 


This gives the field when the original field is parallel to the major axis 
_of the ellipsoid. If the original field is in any other direction we can resolve 
it into three fields parallel to the three axes of the ellipsoid, and the final 
field is then found by the superposition of three fields of the type of that 
given by equation (216), 


SPHEROIDAL HARMONICS. 


296. When any two semi-axes of the standard ellipsoid become equal 
the method of confocal coordinates breaks down. For the equation 
ise 2 
PO Pap exp= 
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reduces to a quadratic, and has therefore only two roots, say X, w. The 
surfaces ) = cons. and w.=cons. are now confocal ellipsoids and hyperboloids 
of revolution, but obviously a third family of surfaces is required before the 
position of a point can be fixed. Such a family of surfaces, orthogonal to 
the two present families, is supplied by the system of diametral planes 
through the axis of revolution of the standard ellipsoid. 


The two cases in which the standard ellipsoid is a prolate Boned and 
an oblate spheroid require separate examination. 


Prolate Spherotds. 


297. Let the standard surface be the prolate spheroid 


y+ 2? 
a BF 


= 


in which a>b. If we write 
y=aoos¢, 2=asing, 


then the curvilinear coordinates may be taken to be A, mw, , where 2, mu are 
the roots of 
e ow? 
+6 +O” 
In this equation, put a?—b?=c? and a?+@=c@?, then the equation 
becomes 
a oo? 
eit eI) 


If £, 7? are the roots of this equation in 0”, we readily find that a? = £7%c’, 
so that we may take 
DORI sete enc Co nsncer Moar secoeetsesancn gree (219), 


TOM LenB) (AmB ace ao alnsiaanaeat el Sa (220) 


in which 7 is taken to be the greater of the two roots. 


The surfaces £=cons., n= cons. are identical with the surfaces @=cons., 
and are accordingly confocal ellipsoids and hyperboloids. The coordinates 
£, n, @ may now be taken to be orthogonal curvilinear coordinates. 


It is easily found that 


ey sez el nab / Ph - 1 
NE a a Br EL = B) (a = 1)’ 
from which Laplace’s equation is obtained in the form 


‘A Sevan 4 thre eee ONG 2 
BO- 0) eh ta 0 - el tao en : 
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298. Let us search for solutions of the form 
V=8H®, 

where &, H, © are solutions solely of &,y and ¢ respectively. On substituting 
this tentative solution and simplifying, we obtain 

= FPDP Af eyPals a (geuniy 2 eae 

n? — &? Bi o& q O) ae PFH on ee 1) on baa 

As-in the theory of spherical harmonics, the only possible solution results 

from taking 


10d _ : 
b age ™ 
where —m? is a constant, and m must be an integer if the solution is to be 
single valued. The solution is 
P= C cos dE D 6M Gs... cngsnsccs oes (221). 
We must now have 


Lae y= 1 Oo oH) m? (2 — &?) 
Cn) ete 2) stand Ga seeped a Aly pie ee NN 
= 31 BES tore al (l= £7) (ge) 
‘td m A m? 
-~ {= & ”? =” 
and this can only be satisfied by taking 
0 y=! me 
ae — &?) Et aR eae ts Gis es Ol 2s cae ences (222), 
together with 
0 oH mH 
on {a == 7”) at — 1— 7 + sH => 0 esle's iciaie(nle'wtaie sas (223). 


Equations (222) and (223) are identical with the equation already dis- 
cussed in §§ 273, 274. The solutions are known to be 


B= APR(E) + BQr(é), 
H=A'Pi(n)+ BQr(n), 


where s=n(n+1) and Py, Q% are the associated Legendrian functions 
already investigated. Combining the values just obtained for 5, H with 
the value for © given by equation (221), we obtain the general solution 


Viz 235 H® 
= 3S (AP (6) + BQL(H) (4'P2(n) + BQR(a)} {C cos mg + D sin mg}. 
At infinity it is easily found that 
af =, ee is 
w 


while at the origin 9=1, &=0. 


Thus in the space outside any spheroid, the solution P™(£) Q™(n) is finite 
everywhere, while, in the space inside, the finite solution is P™(£) P™(n). 
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Oblate Spheroids. 


299. For an oblate spheroid, a?— 0? is negative, so that in equation (218) 
we replace b?— a? by x, so that «= ic, and obtain, in place of equations (219) 
and (220), oo 


2 = x&in, 
w= «V(1—£) (1-7). 


Replacing in by § we may take &, € and ¢ as real orthogonal curvilinear 
coordinates, connected with Cartesian coordinates by the relations 


v= KEE, 
a= «V(1—-&)1+%). 
We proceed to search for solutions of the type 
V=2Z4, 
and find that EH, ® must satisfy the same equations as before, while Z must 
satisfy 
-Zla + ed 2 TrpZtn(n+ 1)Z=0. 


The solution of this is 
Z= A’Ph (18) + BQ” (8), 


and the most general solution may now be written down as before. 


PROBLEMS IN Two DIMENSIONS. 


300. Often when a solution of a three-dimensional problem cannot be 
obtained, it is found possible to solve a similar but simpler two-dimensional 
problem, and to infer the main physical features of the three-dimensional 
problem from those of the two-dimensional problem. We are accordingly 
led to examine methods for the solution of electrostatic problems in two 


dimensions. 


At the outset we notice that the unit is no longer the point-charge, but 
the uniform line-charge, a line-charge of line-density o having a potential 
(cf. § 75) 

0 — 2c log r. 


Method of Images. 


301. The method of images is available in two dimensions, but presents 
no special features, An example of its use has already been given in § 220. 


17 
J. 


258 Methods for the Solution of Special Problems [CH. VII 


Method of Inversion. 


302. In two dimensions the inversion is of course about a line. Let this 
be represented by the point O in fig. 81. 

Let PP’, QQ’ be two pairs of inverse points. Let a line-charge e at Q 
produce potential Vp at P, and let a 
line-charge e’ at Q produce potential Vp 
at P’, so that 

Vp = C—2e log PQ; 
Vp = 0’ — 2e’ log P’Y. 


If we take e =e’, we obtain Fie, 8t 
Vp — Vp = 0” — 2elog my 
= 0” — 2elog a ba ceaweacete Saves (224) 


Let P be a point on an equipotential when there are charges e, at Q,, 
e, at Q,, etc, and let V denote the potential of this equipotential. Let V 
denote the potential at P’ under the influence of charges eg, &, ... at the 


inverse points of Q,, Q.,..... Then, by summation of equations such as (224), 
V—V=— > (Qelog OP’) + & (2e log OQ) + constants, 
or V = constants — 2(Se) log OF” ........ss0ecce0es (225). 


The potential at P’ of charges ¢, é, ... at the inverse points of Q,, Qs, ... 
plus a charge — Xe at O is 
V+C+ 2 (Se) log OP’, 
and this by equation (225) is a constant. This result gives the method of 
inversion in two dimensions: 


If a surface S is an equipotential under the influence of line-charges 
@, @, «+» at Qi, Qa, ..., then the surface which is the inverse of S about 
a line O will be an equipotential under the influence of line-charges @, é, ... 
on the lines inverse to Q;, Qs, ... together with a charge — Xe at the line O. 


Two-dimensional Harmonics. 


303. <A solution of Laplace’s equation can be obtained which is the 
analogue in two dimensions of the three-dimensional solution in spherical 
harmonics. 


In two dimensions we have two coordinates, r, 0, these becoming 
identical with ordinary two-dimensional polar coordinates. Laplace’s equa- 
tion becomes 
LO 0 Ne 08s 
= —~ = ( 
ror (x =r) a 9002 ), 
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and on assuming the form 
V= RO, 


in which £ is a function of r only, and © a function of 6 only, we obtain the 
solution in the form 


We ss (47 fi =) (C cos np + Dsin nd). 
n=0 


Thus the “harmonic-functions” in two dimensions are the familiar sine 
and cosine functions. The functions which correspond to rational integral 
harmonics are the functions 


r™ sin n@, r™cos n6. 


In 2, y coordinates these are obviously rational integral functions of « 
and y of degree n. 


Corresponding to the theorem of § 240, that any function of position 
on the surface of a sphere can (subject to certain restrictions) be expanded 
in a series of rational integral harmonics, we have the famous theorem of 
Fourier, that any function of position on the circumference of a circle can 
(subject to certain restrictions) be expanded in a series of sines and cosines. 
In the proof which follows (as also in the proof of § 240), no attempt is made 
at absolute mathematical rigour: as before, the form of proof given is that 
which seems best suited to the needs of the student of electrical theory. 


Fourier’s Theorem. 


304. The value of any function F of position on the circumference of a 
circle can be expressed, at every point of the circumference at which the 
function is continuous, as a series of sines and cosines, provided the function is 
single-valued, and has only a finite number of discontinurties and of maxima 
and minima on the circumference of the circle. 


Let P(f, a) be any point outside the circle, then if & is the distance 


from P to the element ds of the circle P R P(f, a) 
(a, 0) we have eg) 

iis — a? - 

Qrrak? a 


This result can easily be obtained by inte- 
gration, or can be seen at once from physical 
considerations, for the integrand is the charge 
induced on a conducting cylinder by unit line- 
t P, 
sont be Fie. 82. 


17—2 
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Let us now introduce a function w defined by 


Then, subject to the conditions stated for F we find, as in § 240, that on 
the circumference of the circle, the function u becomes identical with F. 


Also we have 
1 1 


RB f+ a? — 2af cos (8 — a) 
a 
Ss (f— ae’) (f= ae-t-4) 


=o (ae 2a 

5 aA fe ee) ge aoe 

| - pla {1 +28 Ok: Ay i= a}. 
Hence ung | P {1 +2 3 (F) eos nee ay} ds 


1 6=29r 1 2 /1q\n 6=29 = 
=5-|,_, Pad+>3 (5) ,_, Foosn(8— a) a6, 


and on passing to the limit and putting a=f, this becomes 


(oa) 6=20 
Fdo+ ~5 { icc (Go eee (227), 
7 1 0=0 


1 0=27 
F=— 

2a 6=0 
expressing F as a series of sines and cosines of multiples of a 


We can put this result in the form 


F=F+ > (an cos na + b, sin na), 
1 

1 Qar 
where Oy = =| F cosné dé, 

TSO 

Denke 

b,=— | F sin né dé, 
TJ 0 


* P=;-[ "Fae, 
Qa 0 


so that # is the mean value of F. 


If F has a discontinuity at any point 0 = 6 of the circle, and if , F are 
the values of F at the discontinuity, then obviously at the point @= 8 on 
the circle, equation (226) becomes 

u=4(K+ &), 
so that the value of the series (227) at a discontinuity is the arithmetic 
mean of the two values of # at the discontinuity (cf. § 256). 
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_ 805. We could go on to develop the theory of ellipsoidal harmonics etc. 
in two dimensions, but all such theories are simply particular cases of a very 
general theory which will now be explained. 


ConsuGcaTe FUNCTIONS. 
General Theory. 


306. In two-dimensional problems, the equation to be satisfied by the 
potential is 


and this has a general solution in finite terms, namely 
V = fi(@a2y) FIG — ty) wesc ccnseeosntaasones (229), 


where f and F are arbitrary functions, in which the coefficients may of 
course involve the imaginary 7. 


For V to be wholly real, # must be the function obtained from f on 
changing 7 into —27 Let f(w+zy) be equal to w+ where wu and v are 
real, then /(a+7y) must be equal to w—w, so that we must have V=2u. | 
If we introduce a second function U equal to —2v, we have 


UO +iV =— Qu + Qi 
= 21(u + w) 
= 21 f(x + ty) 
Sab (HA) eee asoucasseeas rene rene (230), 
where ¢ (#+ ty) is a completely general function of the single variable x + 1. 
Thus the most general form of the potential which is wholly real, can be 


derived from the most general arbitrary function of the single variable # + ty, 
on taking the potential to be the imaginary part of this function. 


307. If é(a+ iy) is a function of x+¢y, then ip (w+ ty) will also be 
a function, and the imaginary part of this function will also give a possible 
potential. We have, however, from equation (280), 


ip (w+ ty) =i(U +47) 
= V4 i, 
shewing that U is a possible potential. 


Thus when we have a relation of the type expressed by equation (230), 
either U or V will be a possible potential. 
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308. Taking V to be the potential, we have by differentiation of 
equation (230), : 


OU S20, ; 
On ta =P (a+ ty), 
00. .0V 


Dui os (x + ty), 


oy 
(OU ge OV MeO, EnOVe 
and hence iS Fe) = By thy 
Equating real and imaginary parts in the above equation, we obtain 
ota 
Ox oy 
JS 
Oy oma’ 
oUoV  oUaVv 
so that On. aa ae oy oy =O ieetcasteeseeetectswenes (281). 


This however is the condition that the families of curves U =cons., 
V=cons, should cut orthogonally at every point. Thus the curves 
U=cons. are the orthogonal trajectories of the equipotentials—ze. are 
the lines of force. 


Representation of complea quantities. 


309. If we write 
z=a+y 
so that z is a complex quantity, we can suppose 
the position of the point P indicated by the value 
of the single complex variable z. If z is expressed 
in Demoivre’s form 


z=re®=r(cos6+7sin 8), 


then we find that r= Va? + ? and 0= tan, The 


Fic. 83. - 


quantity r is known as the modulus of 2 and is denoted by |z|, while 6 is 
known as the argument of z and is denoted by arg z. The representation of 
a complex quantity in a plane in this way is known as an Argand diagram. 


310. Addition of complex quantities. Let P be z= + ty, and let P’ be 
z =a +’. The value of z+ 2’ is (w@+2')+71(y+y’), so that if Q represents 
the value z+2’ it is clear that OPQP’ will be a parallelogram. Thus to 
add together the complex quantities z and z’ we complete the parallelogram 
OPP’, and the fourth point of this parallelogram will represent z+ 2’. 


308-311 ] Conjugate Functions ao hi. 263 


The matter may be put more simply by supposing the complex quantity 
z=a+1y represented by the direction and length of a line, such that its 
projections on two rectangular axes are 2, y. For instance in fig. 83, the 
value of z will be represented equally by either OP or P’Q. We now have 
the following rule for the addition of complex quantities. 

To find z+ 2’, describe a path from the origin representing z in magnitude 
and direction, and from the extremity of this describe a path representing 2’. 


The line joining the origin to the extremity of this second path will repre- 
sent 2+ 2’. 


311. Multiplication of complex quantities. If 
z=a+1ty =r (cos +isin@), 
and 2 = a+ ty’=r' (cos  +7¢sin 6’), 
then, by multiplication 
zz’ =rr' {cos(0 + 6’) + 7¢sin (6+ O)}, 
so that | 22’ |=rr’=|2| ||, 
arg (22) = 04 0'=argz+arg 2, 


and clearly we can extend this result to any number of factors. Thus we 
have the important rules: 

The modulus of a product is the product of the moduli of the factors. 

The argument of a product is the sum of the arguments of the factors. 

There is a geometrical interpretation of multiplication. 

In fig. 84, les OA =1, OP =z, OP’=2 and 0Q = zz’. 

Then the angles QOA, P’OA being equal to 0+ 6 and @’ respectively, 
the angle QOP’ must be equal to @, and therefore to POA. . 


Moreover 
OGne OR . 
Ores Oa: 
each ratio being equal to 7, so that the triangles 
QOP’ and POA are similar. Thus to multiply 
the vector OP’ by the vector OP, we simply p/ 
construct on OP’ a triangle similar to AOP. 


The same result can be more shortly ex- 
pressed by saying that to multiply 2’ (= OP’) by 
z(= OP), we multiply the length OP’ by |2| and Pp 
turn it through an angle arg z. 
So also to divide by 2, we divide the length 0 A 
of the line representing the dividend by |z| and Fie. 84. 
turn through an angle —argz. In either case an angle is positive when 
the turning is in the direction which brings. us from the axis # to that 
of y after an angle 7/2. 
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Conformal Representation. 


312. We can now consider more fully the meaning of the relation 
U+iV=o(a+ ty). 
Let us write z=a2+7%y, and W=U+iV, z and W being complex 


imaginaries, which we must now suppose in accordance with equation (230) 
to be connected by the relation 


ROC OL ere i i (232). 


We can represent values of z in one Argand diagram, and values of W in 
another, The plane in which values of z are represented will be called the 
z-plane, the other will be called the W-plane. Any point P in the z-plane 
corresponds to a definite value of z and this, by equation (232), may give one 
or more values of W, according as ¢ is or is not a single-valued function. 
If Q is a point in the W-plane which represents one of these values of W, 
the points P and @ are said to correspond. _ ) 


As P describes any curve S in the z-plane, the point @ in the W-plane 
which corresponds to P will describe some curve 7’ in the W-plane, and the 
curve 7’ is said to correspond to the curve S. In particular, corresponding 
to any infinitesimal linear path PP’ in the 2-plane, there will correspond 
a small linear element QQ’ in the W-plane. If OP, OP’ represent the values 
z, 2+ dz respectively, then the element PP’ will represent dz, Similarly the 


element QQ’ will represent dW or ae dz. 


Hence we can get the element QQ’ from the element PP’ on multiplying 
’ dw . 0 ; ‘ ‘ ae 
it by a , 1.e. by ay ¢ (z), or by ¢'(w+ty). This multiplier depends solely 
on the position of the point P in the z-plane, and not on the length or 


direction of the element dz. If we express ue or ¢ (#+1y) in the form 


dz 
awe A + a: 
ee = ¢' (x%+iy) =p (cosy + 7sin x), 


we find that the element dW can be obtained from the corresponding 


dz 
adWw 
an angle y, or arg (<) . It follows that any element of.area in the z-plane 


element dz by multiplying its length by p or 


, and turning it through 


is represented in the W-plane by an element of area of which the shape 
is exactly similar to that of the original element, the linear dimensions are 
p times as great, and the arientation is obtained by turning the original 
element through an angle y. 
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From the circumstance that the shapes of two corresponding elements 
in the two planes are the same, the process of passing from one plane to 
the other is known as conformal representation. 


313. Let us examine the value of the quantity p which, as we have 
seen, measures the linear magnification produced in a small area on passing 
from the z-plane to the W-plane. 


We have p (cos x + 7s8in y) = on a# (x + wy) 
OUR FOV: 
be * be 
= OV +74 ov 
~ Oy On” 

_ |e SAR (Apale aV\3 

so that p= py nes = Cokin 

; adWw| . - 
The quantity p, or al called the “modulus of transformation.” 


We now see that if V is the potential, this modulus measures the electric 


intensity R, or ee (y+ 


vides a simple means of finding o, the surface-density of electricity at 
any point of a conducting surface. 


is : 3 . ° 
(=) . Since R=A4yreo, this circumstance pro- 


314. If £ denote differentiation along the surface of a conductor, on 


which the potential V is constant, we have 


aw) _ av 

dz| 0s’ 

1 1 0oU 
so that yee to 


The total charge on a strip of unit width between any two points P, Q of 
the conductor is accordingly 


1 
[oas=— 


315. If, on equating real and imaginary parts of any transformation of 
the form 


eau 1 
LS ds = 7 (Uq— Up) erseesrsseeeee (233). 


Tae Vib GE 1Y Wie eat ears ene (234), 
it is found that the curve f(a, y)=0 corresponds to the constant value 
V =C, then clearly the general value of V obtained from equation (234) 
will be a solution of Laplace’s equation subject to the condition of having 
the constant value V=C over the boundary f(#, y)=0. It will therefore 
be the potential in an electrostatic field in which the curve f(#, y)=0 may 
be taken to be a conductor raised to potential C. 
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316. From a given transformation it is obviously always possible to 
deduce the corresponding electrostatic field, but on being given the con- 
ductors and potentials in the field, it is by no means always possible to 
deduce the required transformation. We shall begin by the examination of 
a few fields which are given by simple known transformations. 


SprcIAL TRANSFORMATIONS, 
Iie = 2" 
317. Considering the transformation W = 2", we have 
U+iV =(a@+ty)"=1" (cosné + 7sin n8), 


so that V=r"sinn@. Thus any one of the surfaces r” sin né = constant 
may be supposed to be an equipotential, including as a special case 


r” sin nO = 0, 


in which the equipotential consists of two planes cutting at an angle 2 ‘ 


This transformation can be further discussed by assigning particular 
values to n. . 
n=1. This gives simply V =a, a uniform field of force. 


n=2, This gives V=2zy, so that the equipotentials are rectangular 
hyperbolic cylinders, including as a lees case two planes oe 
at right angles (fig. 85). 


Fic. 85. Fre. 86. 
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This transformation gives the field in the immediate neighbourhood of 
two conducting planes meeting at right angles in any field of force. It also 
gives the field between two coaxal rectangular hyperbolas, 


n=%. This gives e+ ty=(U+1V)?, so that 
a= U2—V*, y=2UV, 
and on eliminating U we obtain 
y= 4V? (e+ V®). 


Thus the equipotentials are confocal and coaxal parabolic cylinders, in- 
cluding as a special case (V =0) a semi-infinite plane bounded by the line 
of foci. 

This transformation clearly gives the field in the immediate neighbour- 
hood of a conducting sharp straight edge in any field of force (fig. 86). 


n=—1. This gives 
U + iV =~ (cos 0 —isiné), 
and the equipotentials are 


rV=sin@ or ty f= 0. 


Thus the equipotentials are a series of circular cylinders, all touching 
the plane y=0 along the axis r=0, y=0 (fig. 87). 
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I. We=logaz, 


318. The transformation W=logz gives 
U+iV=logr +18, 
so that the equipotentials are the planes 6 =constant, a system of planes all 
intersecting in the same line. As a special case, we may take 6=0 and 
9=-r to be the conductors, and obtain the field when the two halves of a 
plane are raised to different potentials. The lines of force, U = constant, are 
circles (fig. 88). 


Fic. 88. 


If we take U to be the potential, the equipotentials are concentric 
circular cylinders, and the field is seen to be simply that due to a uniform 
line-charge, or uniformly electrified cylinder. 


It may be noticed that the transformation 
W = log (z—a) 
gives the transformation appropriate to a line-charge at z=a, 


Also we notice that 
z—-a 


Wel 


gives a field equivalent to the superposition of the fields given by 
W=log(z—a) and W=-—log(z+a). 


This transformation is accordingly that appropriate to two equal and opposite 
line-charges along the parallel lines z=a and z=—a. 


This last transformation gives U=0 when y=0, so that it gives the 
transformation for a line-charge in front of a parallel infinite plane, 
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GENERAL METHODS. 
I. Unicursal Curves. 


319. Suppose that the coordinates of a point on a conductor can be 
expressed as real functions of a real parameter, which varies as the point 
moves over the conductor, in such a way that the whole range of variation 
of the parameter just corresponds to motion over the whole conductor. In 
other words, suppose that the coordinates #, y can be expressed in the form 


a=f(p), y=F (p), 


and that all real values of p give points on the conductor, while, conversely, 
all points on the conductor correspond to real values of p. 


Then the transformation 


Desf (Wye CY tice eee (235) 


will give V=0 over the conductor. For on putting V =0 in equation (235) 
we obtain 


e+iy=f(U)+iF (U), 
so that e=f(U), y=F(U), 


and by hypothesis the elimination of U will lead to the equation of the 
conductor. 


320. For example, consider the parabola (referred to its focus as origin), 
y? = 4a (a + a). 
We can write the coordinates of any point on this parabola in the form 
ata=am, y=2am, 
and the transformation is seen to be 


z=aW?-a+2uW =a(W-iy, 


or W-t= (2) 


a 


agreeing with that which has already been seen in § 317 to give a parabola 
as a possible equipotential. 
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321. As a second example of this method, let us consider the ellipse 
ay? 
e ate - soul. 
The coordinates of a point on the ellipse may be expressed in the form 
z=acos¢?, y=bsind, 
and the transformation is seen to be 


z=acosW+2bsin W. 


Fie. 89. 


We can take a=ccosh a, b=csinh a, where c?=a?— 02, and the trans. 
formation becomes 


z=ccos(W+12)=ccos{U+7i(V +a)}. 


The same transformation may be expressed in the better known form 
z=ccosh W. 


The equipotentials are the confocal ellipses 


a a eee 
@+x Rtn 
while the lines of force are confocal hyperbolic cylinders. On taking V 
as the potential, we get a field in which the equipotentials are confocal 
hyperbolic cylinders. 
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Il. Schwarz’s Transformation. 


322. Schwarz has shewn how to obtain a transformation in which one 
equipotential can be any linear polygon. 


At any angle of a polygon it is clear that the property that small elements 
remain unchanged in shape can no longer hold. The reason is easily seen to 
be that the modulus of transformation is either infinite or zero (cf. figs. 24 
and 25, p. 61). Thus, at the angles of any polygon, 


dW _o 
TE = or oO, 
The same result is evident from electrostatic considerations. At an angle of a 
conductor, the surface-density o is either infinite or zero (§ 70), while we have the 
relation (§ 313), 
Ti Ah A aM 


Ode 4 | de 


Let us suppose that the polygon in the z-plane is to correspond to the 
line V=0 in the W-plane, and let the angular points correspond to 


U=u, U=w, ete. 


Then, when W=u, W=%%, etc., 
7 must either vanish or become infinite. We must accordingly have 

d. 

a7 PEW — aC W Sty? cecvveeceoeseseetl (236), 
where 24, As, ... are numbers which may be positive or negative, while F 


denotes a function, at present unknown, of W. 


Suppose that, as we move along the polygon, the values of U at the 
angular points occur in the order %, w%,.... Then, on passing along the 
side of the polygon which joins the two angles U=%, U=wu,, we pass along 
a range for which V=0, and y4<U<, Thus, along this side of the 
polygon, W—w, W— us, W — us, etc. are real quantities, positive or negative, 
which retain the same sign along the whole of this edge. It follows that, as 


3 ' dz : 
we pass along this edge, the change in the value of arg (FH) , a8 given 


by equation (236), is equal to the change in arg F’, the arguments of the 
factors 


(W-—u)» (W- Uy)r2 eee 
undergoing no change. 
Now arg (7) measures the inclination of the axis V=0 to the edge of 
the polygon at any point, so that if the polygon is to be rectilinear, this 
must remain constant as we pass along any edge. It follows that there must 
- be no change in arg Fas we pass along any side of the polygon. 
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This condition can be satisfied by supposing /’ to be a pure numerical 
constant. Taking it to be real, we have, from equation (236), 


ri (sr) =) arg (W — t%) + Ag arg (W = Us) + ove eevee (237). 


On passing through the angular point at which W=w,, the quantities 
W-—u, W—u;, etc. remain of the same sign, while the single quantity 
W-vu, changes sign. Thus arg(W-—v,) increases by 7, whence, by equa- 


tion (237), arg (Fr) increases by A,7. 


The axis V=O does not turn in the W-plane’ on passing through the 
value W=u,, while arg (7) measures the inclination of the element of 


the polygon in the z-plane to the corresponding element of the axis V = 0 in 
the W-plane. 


Hence, on passing through the value W=«, the perimeter of the 
polygon in the z-plane must turn through an angle equal to the increase in 
arg &4 , namely Agz, the direction of turning being from Oz to Oy. Thus 
dy, Ayr, ... must be the exterior angles of the polygon, these being positive 
when the polygon is convex to the axis Ow. Or, if a, a&,... are the interior 
angles, reckoned positive when the polygon is concave to the axis of 2, we 


must have 


eee 
Nae 1, etc. 


Thus the transformation required for a polygon having internal angles 


Gide) «. a8 


d. Crd ae 
ap =O (Wm) “CW aac Oe Meng, SR (238), 


where %, U,,... are real quantities, which give the values of U at the angular 
points. 


323. As an illustration of the use of Schwarz’s transformation, suppose 
the conducting system to consist of a semi-infinite plane placed parallel to an 
infinite plane. | 


In fig. 90, let the conductor be supposed to be a polygon ABCDE, which 
is described by following the dotted line in the direction of the arrows. The 
points A, B, C, # are all supposed to be at infinity, the points B and C 
coinciding. Let us take A to be W=—o, B or C to be W=0, D to be 
W=l1and LE tobe W=+0. The angles of the polygon are zero at (BC) 
and 27 at D. Thus the transformation is 
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giving upon integration 
ea CW log WALD Pee. dees. an deere (239), 


where C, D are constants of integration which may be obtained from the 


Drm Son nnne ccc nn nn enee >W=+0 
ee ee aaa ear 
W=+1 s 
iw=0 
A see. OD ~ anno on ee 5 ono 3 + 5 no on nn nn ee nnn ee eee Re Bs 4 
ee 
W=—oo 
Fie. 90. 


condition that the two planes are to be, say, y=0 and y=h. From these 


conditions we obtain C= = D =ir, so that the transformation is 


I , 
s= S 1W— log We tr} oo... leeds ccescnsces (240). 
On replacing z, W by —z, — W, the transformation assumes the simpler form 


B= 2 (Wet log W) sessssesssssssecssesees (241). 


III. Successive Transformations. 


$24. If €=¢(z), W=f(¢) are any two transformations, then by elimi- 
nation of €, a relation 
Vice BU(2) TRan ce accast te seourcce rere (242) 


is obtained, which may be regarded as a new transformation. 


We may regard the relation €= ¢ (z) as expressing a transformation from 
the z-plane into a &-plane, while the second relation W=/(f) expresses a 
further transformation from the ¢-plane into a W-plane. Thus the final 
transformation (242) may be regarded as the result of two successive trans- 
formations. 


Two uses of successive transformations are of particular importance. 


825. Conductor influenced by line-charge. The transformation 


ae 
W=log Pea’ 
gives, as we have seen (§ 318) the solution when a line-charge is placed at 
€=a in front of the plane represented by the real axis of € Let the further 
transformation ¢= f(z) transform the real axis of £ into a surface S, and the 
point £=a into the point z= %, so thata=/(z). Then the transformation 


f (2) — fF 0) 


W = 08 Fa) + (@) 


18 
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gives the solution when a line-charge is placed at z=% in the presence of 
the surface S. In this transformation it must be remembered that U, and 
not V, is the potential (cf. § 318). 


326. Conductors at different potentials. Let us suppose that the trans- 
formation £=¢(z) transforms a conductor into the real axis of ¢ The 
further transformation W =C + D log € (§ 318) will give the solution when 
the two parts of this plane on different sides of the origin are raised to 
different potentials C and C+ 7D. 


Thus the transformation obtained by elimination of f, namely 
W=C'+ Dlog $(z), 


will transform two parts of the same conductor into two parallel planes, 
and so will give the solution of a problem in which two parts of the same 
conductor are raised to different potentials. 


EXAMPLES OF THE USE OF CONJUGATE FUNCTIONS. 


327. Two examples of practical importance will now be given to illus- 
trate the use of the methods of conjugate functions, — 


Example I. Parallel Plate Condenser, 
328. The transformation . 


2= 2 (f—log f+ 47) 


has been found to transform the two plates in fig. 90 into the positive and 
negative parts of the real axis of & The further transformation W = log ¢ 
gives the solution when these two parts of the real axis of € are at potentials 
0 and w respectively (§ 326). 


Thus the transformation obtained by the elimination of ¢, namely 
h : 
i (eM Wie Srn) oreav get oiest eaten: (243), 


will transform the two planes of fig. 90—one infinite and one semi-infinite— 
_ into two infinite parallel planes. Thus equation (243) gives the trans- 
formation suitable to the case of a semi-infinite plane at distance h from 
a parallel infinite plane, the potential difference being z. 


By the principle of images it is obvious that the distribution on the 
upper plate is the same as it would be if the lower plate were a semi- 
infinite plane at distance 2h instead of an infinite plane at distance h. The 
equipotentials and lines of force for either problem are shewn in fig. 91. 
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Separating real and imaginary parts in equation (243), 


h 
=—(eU = 
x aC cosV —U), 


y=" (e¥sinV-V4 1). 


Thus the equipotential V=0 is the line y=h, the equipotential V=7 is 
the line y=0. 


Jy N 
eens o 
v 
a a ce 
T 4 
‘ ' as \ 
ai 
L 1 1 
Y \ 


Fie. 91. 


When U=—0, x=+0; as U increases, » decreases until it reaches a 
minimum orite L= hj her U=0; and as U further increases through 
positive values # again increases, reaching x=o00 when U=+o, Thus as 
U varies while V=0, the path described is the path PQR in fig. 91. 


The intensity at any point is 


Hal reaes 


T 


At a point on the equipotential V =0, the surface-density is 


18—2 
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At P, U=—o, so that o=7: as we approach Q, o increases and finally 


becomes infinite at Q, while after passing Q and moving along QR, the upper 
side of the plate, « decreases, and ultimately vanishes to the order of e—Z, 


The total charge within any range Uj, U, is, by equation (238), 
1 
Ger (U, oa Uj). 


It therefore appears that the total charge on the upper part of the plate QR 
is infinite. 

Let us, however, consider the charges on the two sides of a strip of the 
plate of width / from Q, «.e. the strip between «=h/a and «=1+h/m. The 


two values of U corresponding to the points in the upper and lower faces at 
which this strip terminates, are from equation (244) the two real roots of 


aoe 
Pe rrrees Chl oot Op De ocee ec ss (245), 


Of these roots we know that one, say Uj, is negative and the other (U,) 
is positive. If 7 is large, we find that the negative root U; is, to a first 
approximation, equal to 


and this is its actual value when J is very large. Thus the charge on the 
lower plate within a large distance J of the edge is 


a('+3) 
4, om a 


and therefore the disturbance in the distribution of electricity as we approach 
Q results in an increase on the charge of the lower plate equal to what would 
be the charge on a strip of width h/z in the undisturbed state. 


If 1 is large the positive root of equation (245) is 


U,= log (1 + 7); 


so that the total charge on a strip of width / of the upper plate approximates, 
when J is large, to 


1 lar\ 
iq lee (1+ 7). 


Thus although the charge on the upper plate is infinite, it vanishes in 
comparison with that on the lower plate. 
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Example II. Bend of a Leyden Jar. 


329. The method of conjugate functions enables us to approximate to 
the correction required in the formula for the capacity of a Leyden Jar, on 
account of the presence of the sharp bend in the plates. 


Fie. 92. 


As a preliminary, let us find the capacity of a two-dimensional condenser 
formed of two conductors, each of which consists of an infinite plate, bent 
into an L-shape, the two L’s being fitted into one another as in fig. 92. 


Let us assume the five points A, B, (CD), EL, F to be €=—o, —a, 0, 
+b, +00 respectively, and let us for convenience suppose the potential 
difference which occurs on passing through the value ¢=0 to be 7. Then 
the transformation is 


dz _ 2Peu pit 
AA MR) g (—0)3, 


where W = log € (cf. § 326). 
To integrate, we put w=(6+ a)~3 (€- b)3, and obtain 


= feta af b+ au’ 
= A[S eames ud log (=*“") 
b a | 
=- 24/8 tan, /% 04 A og #40 sanpEbone (246), 


where C is a constant of integration. 


To make C vanish, we must have z=0 when u=0, «e. at the point Z. 
We shall accordingly take H# as origin, so that C=0. 
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At B, we now have £=—a, u=, and therefore 
ae 
Z2=>4 wA * Site invA. 


Thus the distances between the pairs of arms are m/e and aA 


respectively. 


Let P be any point in ZF which is at a distance from # great compared 
with EB. Let the value of £ at P be fp, so that ¢, is positive and greater 
than 6. 


We have W=U+iV=log &, so that along the conductor FED, V=0 
and U = log &. 


The total charge per unit width on the strip HP is, by formula (233), 


- 1 i 
[ods =7- (Up— Us) = 7 (10g Sp log) esseeee (2477). 
If P is far removed from £, the value of €p is very great, and since 
au? +b 
aie ny (248), 
the value of w? will be nearly equal to unity at P. 
From equation (246), 
z=—2A J 2 tan aint 2A log (1+ u)— A log (1 —u?), 
Die erg beans 
so that log (1 — u*) = 2 log (1+u)— 2 - tan Bera (249), 


in which the terms log (1 —u*), —2/A, are large at P in comparison with the 
others. Again, from equation (248), we have 


log €= log (au? + b)— log (1—U?)  ...ceceecceeees (250), 


in which log ¢, log (1 —1*) are large at P, in comparison with the term 
log (au*+ b). Combining equations (249) and (250), 


log §=log (aut +) —2 log (1+u)+24/2 tnty/Su44 


in which the terms log ¢ and 4 are large at P in comparison with the other 


terms, At P we may put w=1 in all terms except log £ and 2/A, and obtain 
as an approximation 


log t=1 b)-21 Wie 4/2 2p 
& Sp= log (a+b)—2log2+2 gan a/ Gta: 
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The value of zp is of course Lp+iyp,or HP. Thus, from the equation 
just obtained, equation (247) may be thrown into the form 


si 5 | 
[ cas= i (log &p — log b) 


1 a bean: a. EP 


If the lines of force were not disturbed by the bend, we should have 
P 1 /EP 
| +s ods = age (=) ° 


P 
Equation (252) shews that | ods is greater than this, by an amount 
E 


1 a\ b a 
nn {log (1+ i) —2log2+2 we tan“ / 3 A (258). 


Let us denote the distances between the plates, namely 7A nd 8 and 7A, 
a 


E: 
2 2 
> {log is +2 : tan“ it ; 
so that the charge on the plate #P is the same as it would be in a parallel 
plate condenser in which the breadth of the strip was greater than HP by 
= \t log M+ + 2h tan it 
T 4h? hj* 
When h=h, this becomes 


h i 
= iS — log, 2) or ‘279h, 


by h and & respectively, so that ay: e ate Expression (253) now becomes 


MULTIPLE-VALUED POTENTIALS. 


330. There are many problems to which mathematical analysis yields 
more than one solution, although it may be found that only one of these 
solutions will ultimately satisfy the actual data of the problem. In such 
a case it will often be of interest to examine what interpretation has to 
be given to the rejected solutions. 


The problem of determining the potential when the boundary conditions 
are given is not of this class, for it has already been shewn (§§ 186—188) 
that, subject to specified boundary conditions, the termination of the poten- 
tial is absolutely unique. But it may happen that, in searching for the 
required solution, we come upon a multiple-valued solution of Laplace's 
equation. Only one value can satisfy the boundary conditions, but the 
interpretation of the other values is of interest, and in this way we arrive 
at the study of multiple-valued potentials. 
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Conjugate Functions on a Riemann’s Surface. 


331. An obvious case of a multiple-valued potential arises from the 
conjugate function transformation 
WD (2). ssesasscbaesssaobenaetereser st (254), 
when ¢ is not a single-valued function of z Such cases have already 
occurred in §§ 317, 320, 323, etc. 


The meaning of the multiple-valued potential becomes clear as soon 
as we construct a Riemann’s surface on which ¢(z) can be represented as 
a single-valued function of position. One point on this Riemann’s surface 
must now correspond to each value of W, and therefore to each point in 
the W-plane. Thus we see that the transformation (254) transforms the 
complete W-plane into a complete Riemann’s surface. Corresponding to 
a given value of z there may be many values of the potential, but these 
values will refer to the different sheets of the Riemann’s surface. If any 
region on this surface is selected, which does not contain any branch points 
or lines, we can regard this region as a real two-dimensional region, and the 
corresponding value of the potential, as given by equation (254), will give 
the solution of an electrostatic problem. 


332. To illustrate this by a concrete case, consider the transformation 


Weeteacred adh een RS (255), 


W-plane. g-surface. 
Fie. 93. 


which has already been considered in § 317. The Riemann’s surface appro- 


priate for the representation of the two-valued function 2? may be supposed 
to be a surface of two infinite sheets connected along a branch line which 
extends over the positive half of the real axis of z. 


To regard this surface as a deformation of the W-plane, we must suppose 
that a slit is cut along the line OB (fig. 93) in the W-plane, and that the 
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two edges of the slit are taken and turned so that the angle 2a, which they 
originally enclosed in the W-plane, is increased to 4a, after which the edges 
are again joined together. 


The upper sheet of the Riemann’s surface so formed will now represent 
the upper half of the W-plane, while the lower sheet will represent the lower 
half. Two points RB, P, which represent equal and opposite ‘values of W, 
say + W,, will (by equation (255)) be represented by points at which z has 
the same value; they are accordingly the two points on the upper and 
lower sheet respectively for which z has the value Wi. 


A circular path pgrs surrounding O in the W-plane becomes a double 
circle on the z-surface, one circle being on the upper sheet and one on 
the lower, and the path being continuous since it crosses from one sheet 
to the other each time it meets the branch-line. 


A line ¢8 in the upper half of the W-plane becomes, as we have seen, 
a parabola a8 on the upper sheet of the z-surface. Similarly a line a’’ in 
the lower half of the W-plane will become a parabola a’Q’ on the lower sheet 
of the z-surface. The space outside the parabola a@ on the upper sheet of 
the z-surface transforms into a space in the W-plane bounded by the line a8 
and the line at infinity. Consequently the transformation under consideration 
gives the solution of the electrostatic problem, in which the field is bounded 
only by a conducting parabola and the region at infinity. The same is not 
true of the space inside the parabola a@, for this transforms into a space in 
the W-plane bounded by both the line «@ and the axis AOB. It is now 
clear that the transformation has no application to problems in which the 
electrostatic field is the space inside a parabola. 


In general it will be seen that two points, which are close to one another 
on one sheet of the z-surface, but are on opposite sides of a branch-line, 
will transform into two points which are not adjacent to one another in the 
W-plane, and which therefore correspond to different potentials. Conse- 
quently we cannot solve a problem by a transformation which requires a 
branch-line to be introduced into that part of the Riemann’s surface which 
represents the electrostatic field. 


Images on a Riemann’s Surface. 


333. In the theory of electrical images, a system of imaginary charges is 
placed in a region which does not form part of the actual electrostatic field. 
When a two-dimensional problem is solved by a conjugate function trans- 
formation, the electrostatic field must, as we have seen, be represented by 
a region on a single sheet of the corresponding Riemann’s surface, and this 
region must not be broken by branch-lines. The same, however, is not true 
of the part of the field in which the imaginary images are placed, for this 
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may be represented by a region on one of the other sheets of the Riemann’s 
surface. 


To take the simplest possible illustration, suppose that in the ¢-plane we 
have a line-charge e along the line represented by the point P, in front of 


¢-plane z—surface 
Pe., Pe (upper sheet) 
B, 
A fe) B O A 
P'o—¢ Pe (lower sheet) 
Fra. 94. 


the uninsulated conducting plane represented by the real axis AB. The 
solution, as we know, is obtained by placing a charge —e at the point Til 
which is the image of Pin AOB. The value of the oleeiial (U) is Bes 
as in § 318, by 


U+iV= A log 5— 3 ae 


Let us now transform this solution by means of the transformation 


The conducting plane AOB transforms into a semi-infinite plane OB, which 
may be taken to coincide with the branch-line of the Riemann’s surface. 
The charge e at P becomes a charge at a point P on the upper sheet of the 
surface, while the image at P’ becomes a charge at a point P’ on the lower 
sheet. Thus we can replace the semi-infinite conductor OB in the z-plane 
by an image at a point P’ on the lower sheet of a Riemann’s surface, and we 
obtain the field due to a line-charge and a semi-infinite conductor in an 
ordinary two-dimensional space. 


From the transformation used, the potential is found to be given by 
lana 

Vz—N—a’ 

in which U is the potential, z=a is the point (a, a) on the upper sheet, and 
=—a is the image on the lower sheet. 


U+iV=A log 


In calculating a potential on a Riemann’s surface, we must not assume 
the potential of a line-charge e at the point (a, a) to be 


Bae La all Ce Se oaheeincsete e evataca. Geocoter (257), 
where # is the distance from the point (a, a). In fact, this potential would 


obviously have an infinity both at the point (a, a) on the upper sheet, and 


also at the point (a, a) on the lower sheet, and O would be the potential of 
two line-charges, one at the point (a, «) on each sheet. 
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The appropriate potential-function for a single charge can easily be 
found. 


As in the problem just discussed, it is clear that the potential due to the 
single line-charge at (a, a) on the upper sheet is the value of U given by 


U+iV=C+ A log (Vz — Va) 
70 ta 
=C+A log (r? 2 —a? e2) 


eA z, 
=C+A log |(r eos 5 — Va cos 2) +4 (vi'sin §-Wasin 5), 
so that Y 


U=C+$A log \(¥ cos : — Va cos 3) " (ve sin : —Vasin ay 
= C0+4A log {r —2 Var cos $(6 — 4) + a}, 
and if this is to be the potential due to a line-charge e, it is clear, on 
examining the value of U near the point (a, a), that the value of A must be 
—2e. Thus the potential function must be 


C —e log {r —2 Var cos $ (0 — a) +O}... .eeccceeeeee (258), 
instead of that given by expression (257), namely, 
C—e log {r* — 2ar cos (0 — @) + a} oo... eee eee (259). 


It will be noticed that both expressions are single-valued for given values 
of (r, 6), but that for a given value of z, expression (258) has two values, _ 
corresponding to two values of @ differing by 27, while expression (259) has 
only one value. Or, to state the same thing in other words, the expression 
(259) is periodic in @ with a period 27, while expression (258) is periodic 
with a period 47. 


Potential in a Riemann’s Space. 


334. Sommerfeld* has extended these ideas so as to provide the solution 
of problems in three-dimensional space. 

His method rests on the determination of a multiple-valued potential 
function, the function being capable of representation as a single-valued 
function of position in a “ Riemann’s space,” this space being an imaginary 
space which bears the same relation to real three-dimensional space as a 
Riemann’s surface bears to a plane. 


335. The best introduction to this method will be found in a study of 
the simplest possible example, and this will be obtained by considering the 
three-dimensional problem analogous to the two-dimensional problem already 


discussed in § 383. 
* “Ueber verzweigte Potentiale im Raum,” Proc. Lond, Math. Soc. 28, p. 895, and 30, p. 161, 
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We suppose that we have a single point-charge in the presence of an 
uninsulated conducting semi-infinite plane bounded by a straight edge. Let 
us take cylindrical coordinates r, 0, z, taking the edge of the plane to be 
r = 0, the plane itself to be @ = 0, and the plane through the charge at right 
angles to the edge of the conductor to be z=0. Let the coordinates of the 
point-charge be a, a, 0. 

The Riemann’s space is to be the exact analogue of the Riemann’s 
surface described in § 832. That is to say, it is to be such that one revolu- 
tion round the line r=0 takes us from one “sheet” to the other of the 
space, while two revolutions bring us back to the starting-point. Thus, for 
a function to be a single-valued function of position in this space, it must be 
a periodic function of @ of period 4ir. 


Let us denote by f(r, 9, 2, a, a, 0) a function of r, 0, and z which is to 
satisfy the following conditions : 


(i) it must be a solution of Laplace’s equation ; 

(ii) it must be a continuous and single-valued function of position in 
the Riemann’s space ; 

(iii) it must have one and only one infinity, this being at the point 
a, 4, O on the first “sheet” of the space, and the function 


eats : Se! ‘ 
approximating near the point to the function RB’ where R is 
the distance from this point; 


(iv) it must vanish when r=oo. 


It can be shewn, by a method exactly similar to that used in § 186, that 
there can be only one function satisfying these conditions. Hence the func- 
tion f(r, 8, z, a, «, 0) can be uniquely determined, and when found it will be 
the potential in the Riemann’s space of a point-charge of unit strength at the 
point a, a, 0. 

Consider now the function 

F (1, 8, 2, a, &, 0) — f(r, 0, 2, &, — 4,0) ...rceeee Seed ee heuQ); 
which is of course the potential of equal and opposite point-charges at the 
point a, a, 0, and at its image in the plane 0=0, namely, the point 
a, —a, 0. 

This function, by conditions (i) and (iv), satisfies Laplace’s equation and 
vanishes at infinity. On the first sheet of the surface, on which a varies 
from 0 to 2m (or from 47 to 67, ete.), it has only one infinity, namely, at 


a, a, 0, at which it assumes the value = 

From the conditions which it satisfies, the function F (1%, 9, 2, a, a, 0) must 
clearly involve @ and @ only through @—a, and must moreover be an even 
function of @—a@, It follows that, when 6 = 0, expression (260) vanishes. 
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Again, since the function f is periodic in 0 with a period 27, it follows 

that, when 6 = — 2:7, expression (260) may be written in the form 

I(r, 27, 2, a, a 0) —f(r, — 27, z, a, —a, 0), 
and this clearly vanishes. Thus expression (260) vanishes when 0=0 and 
when 0=2:. That is to say, it vanishes on both sides of 3 semi-infinite 
conducting plane. 

It is now clear that expression (260) satisfies all the conditions which 
have to be satisfied by the potential. The problem is accordingly reduced 
to that of the determination of the function f(r, 6, z, a, «, 0). 

336. Let us write 

r=, a=e, 
then the distance R from r, 6, z to a, a, 0 is given by 
i? = 1° — 2ar cos (9 — a) + a+ 2 
= 2ar {cos 7 (p — p’) — cos (9 —a)} + 2% 
Take new functions R’ and f(u) given by 
R? = 2ar {cos 1 (p — p’) —cos (9 —u)} + 


f=. 


The function f(w) has infinities when u=a, a+ 27, a + 4:7, ..., its residue 
being unity at each infinity, Also, when u=a, the value of R ‘becomes R. 
Hence the integral 


where the integral is taken round any closed contour in the u-plane which 
surrounds the value u =a, but no other of the infinities of f(w), will have as 


its value 2a x se We ae. have 


ta bineten te eee ms 62), 
a -3- [eae woe <262) 


The integral just found gives a form for the potential function in ordinary 
space which, as we shall now see, can easily be modified so as to give the 
potential function in the Riemann’s space which we are now considering. 


We notice first that = , regarded as a function of 7, @, and z, is a solution 
of Laplace’s equation, whatever value u may have. Hence the integral (261) 
will be a solution of Laplace’s equation for all values of /(w), for each term 


of the integrand will satisfy the equation separately, 


If we take 
2 
J(u) = 9 eal ta? 
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we see that the infinities of f(u) occur when u=4, 4+ Anr, a + 8rr, etc., and 
the residue at each is unity. Hence, if we take the integral round one 
infinity only, say w=a, the value of 


Sey sfc arene (263) 


will become identical with 5 at the point at which R’=0. Moreover, 
expression (263) is, as we have seen, a solution of Laplace's equation: it 
is seen on inspection to be a single-valued function of position on the 
Riemann’s surface, and to be periodic in 6 with period 47. Hence it 1s the 
potential-function of which we are in search. Thus 


iu 


5 1 e2 \ du 
40,8, 8 = | te Tie Fa Dar cos Ou) + e+ A 
Cae 


The details of the integration can be found in Sommerfeld’s paper. The 
value of the integral is found to be 


where r=cost(s—a), o=cost(p—p’). 


Other systems of coordinates can be treated in the same way; details will 
be found in the papers to which reference has already been made. 


337. The present chapter has attempted to give an account of the 
principal methods available for the solution of electrostatic problems. A few 
examples have been given of each method, but no attempt has been made to 
enumerate all the problems which can be solved. The reader who wishes to 
study particular problems more fully may be referred to the following works: 

Sir W. Tomson (Lord Krnviy). Papers on Electricity and Magnetism. 


In particular a number of examples of images and inversion will be found here, with 
numerical calculations. 


MAXWELL. Llectrieity and Magnetism. Vol. 1. (8rd Edn.). 


In Chap. 1x. the theory of spherical harmonics is developed, and the problem of the 
distribution of electricity on a nearly spherical conductor free in space, as also that on a 
nearly spherical conductor enclosed in a nearly spherical and nearly concentric conduct- 
ing vessel, are solved in detail. The coefficients of capacity and induction of two spherical 
conductors are investigated by spherical harmonics. Chapter x1. contains examples of the 
method of images and inversion, Chapter x1. contains a number of examples of conjugate 
functions, some being of special importance in the theory of electrostatic instruments, 


J.J. THomson. Recent Researches in Electricity and Magnetism. 
Chapter 1. contains important examples of conjugate function transformations. In 
_particular problems are solved which enable us to estimate the effect on the capacity of a 


condenser produced by the slit between a guard ring and the moveable plate of the con- 
denser. Transformations are given which solve the problems of (i) a condenser formed by 
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two parallel and equal plates of finite breadth ; (ii) a condenser formed by two parallel and 

equal strips placed in the same plane; (iii) a pile of plates; (iv) a system of 2n plates 

arranged radially at angles «/n with one another, alternate plates being at the same potential. 
KircaHorr. Gesammelte abhandlungen. 


A formula is given for the capacity of two circular plates of an uniform thickness placed 
coaxially at any distance apart. 


EXAMPLES, 


1. An infinite conducting plane at zero potential is under the influence of a charge of 
electricity at a point 0. Shew that the charge on any area of the plane is proportional to 
the angle it subtends at 0. ‘ 


2. A charged particle is placed in the space between two uninsulated planes which 
intersect at right angles. Sketch the sections of the equipotentials made by an imaginary 
plane through the charged particle, at right angles to the planes. 


3. In question 2, let the particle have a charge e, and be equidistant from the planes. 
Shew that the total charge on a strip, of which one edge is the line of intersection of the 
planes, and of which the width is equal to the distance of the particle from this line of 
intersection, is — +e. 


4. In question 3, the strip is insulated from the remainder of the planes, these being’ 
still to earth, and the particle is removed. Find the potential at the point formerly 
occupied by the particle, produced by raising the strip to potential V. 


5. If two infinite plane uninsulated conductors meet at an angle of 60°, and there is a 
charge ¢ at a point equidistant from each, and distant r from the line of intersection, find 
the electrification at any point of the planes. Shew that at a point in a principal plane 
through the charged point at a distance 7,/3 from the line of intersection, the surface 
density is 

e (3 1 
-aa Gta): 

6, Two small pith balls, each of mass m, are connected by a light insulating rod. 
The rod is supported by parallel threads, and hangs in a horizontal position in front of an 
infinite vertical plane at potential zero. If the balls when charged with e units of 


electricity are at a distance a from the plate, equal to half the length of the rod, shew 
that the inclination 6 of the strings to the vertical is given by 


bn | oe 2a} 
ee ge 9 2) 
7. What is the least positive charge that must be given to a spherical conductor, 


insulated and influenced by an external point-charge e at distance r from its centre, in 
order that the surface density may be everywhere positive? 


8. An uninsulated conducting sphere is under the influence of an external electric 
charge; find the ratio in which the induced charge is divided between the part of its 
surface in direct view of the external charge and the remaining part. 


9. A point-charge e is brought near to a spherical conductor of radius a having a 
charge H, Shew that the particle will be repelled by the sphere, unless its distance from 


e ; 
the nearest point of its surface is less than $a vob approximately, 
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10. A hollow conductor has the form of a quarter of a sphere bounded by two 
perpendicular diametral planes. Find the image of a charge placed at any point 
inside. 

11. A conducting surface consists of two infinite planes which meet at right angles, 
and a quarter of a sphere of radius a fitted into the right angle. If the conductor is at zero 
potential, and a point-charge e is symmetrically placed with regard to the planes and the 
spherical surface at a great distance f from the centre, shew that the charge induced on 
the spherical portion is approximately — 5ea3/mf?. 


12. A point-charge is placed in front of an infinite slab of dielectric, bounded by a 
plane face. The angle between a line of force in the dielectric and the normal to the face 
of the slab is. a; the angle between the same two lines in the immediate neighbourhood of 
the charge is 8. Prove that a, 8 are connected by the relation 


13. An electrified particle is placed in front of an infinitely thick plate of dielectric. 
Shew that the particle is urged towards the plate by a force 
ck-1 @& 
k+1 4d?’ 


where d is the distance of the point from the plate. 


14. Two dielectrics of inductive capacities x, and x2 are separated by an infinite plane 
face. Charges ¢;, é2 are placed at points on a line at right angles to the plane, each at a 
distance a from the plane. Find the forces on the two charges, and explain why they are 
unequal. 


15. Two conductors of capacities ¢,, ¢, in air are on the same normal to the plane 
boundary between two dielectrics x1, x2, at great distances a, 6 from the boundary. They 
are connected by a thin wire and charged. Prove that the charge is distributed between 
them approximately in the ratio 


é {af - eat (et iat - eat 
Ye. 2b (ei+K2) (Kr Ke) (@+6)f °°? ley” Ba (K+) (K+ Ke) (a+) 

16. A thin plane conducting lamina of any shape and size is under the influence of a 
fixed electrical distribution on one side of it. If o; be the density of the induced charge 
at a point P on the side of the lamina facing the fixed distribution, and o, that at the 
corresponding point on the other side, prove that o;—oa2=09, where ap is the density at P 
of the distribution induced on an infinite plane conductor coinciding with the lamina. 


17. An infinite plate with a hemispherical boss of radius a is at zero potential under 
the influence of a point-charge e on the axis of the boss distant f from the plate. Find the 
surface density at any point of the plate, and shew that the charge is attracted towards 
the plate with a force 

e 4e2as fs 
ap Fae 


18. A conductor is formed by the outer surfaces of two equal spheres, the angle 
between their radii at a point of intersection being 27/3. Shew that the capacity of the 


conductor so formed is 
58-4, 
2 Ja yao 


where @ is the radius of either sphere. 
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19. Within a spherical hollow in a conductor connected to earth, equal point-charges 
e are placed at equal distances f from the centre, on the same diameter, Shew that each 
is acted on by a force equal to 
i of 4a8f3 1 ] 


20. A hollow sphere of sulphur (of inductive capacity 3) whose inner radius is half its 
outer is introduced into a uniform field of electric force. Prove that the intensity of the 
field in the hollow will be less than that of the original field in the ratio 27 : 34. 


21. A conducting spherical shell of radius a is placed, insulated and without charge, 
in a uniform field of electric force of intensity 7, Shew that if the sphere be cut into two 
hemispheres by a plane perpendicular to the field, these hemispheres tend to separate and 
require forces equal to ;%,a2F? to keep them together. 


22. An uncharged insulated conductor formed of two equal spheres of radius a 
cutting one another at right angles, is placed in a uniform field of force of intensity F, 
with the line joining the centres parallel to the lines of force. Prove that the charges 
induced on the two spheres are 1) Fa? and —1)Fa?. 


23. A conducting plane has a hemispherical boss of radius a, and at a distance f from 
the centre of the boss and along its axis there is a point-charge e, If the plane and the 
boss be kept at zero potential, prove that the charge induced on the boss is 


2— a? 
So {1 = ase} * 
aA V FR a 
24. A conductor is bounded by the larger portions of two equal spheres of radius a 


cutting at an angle 4m, and of a third sphere of radius ¢e cutting the two former 
orthogonally, Shew that the capacity of the conductor is 


e+a (8-3 /3)—ac 2 (a2+02)~ 2-2 (a2 +302) —24(a24 402) ~ h, 


25. <A spherical conductor of internal radius 6, which is uncharged and insulated, 
surrounds a spherical conductor of radius a, the distance between their centres being c, 
which is small. ‘The charge on the inner conductor is #. Find the potential function 
for points between the conductors, and shew that the surface density at a point P on the 


inner conductor is 
Ez € 8¢ cos ") 
? 


4x \a B03 
where @ is the angle that the radius through P makes with the line of centres, and terms 
in c? are neglected. 

26. Ifa particle charged with a quantity e of electricity be placed at the middle point 
of the line joining the centres of two equal spherical conductors kept at zero potential, 
shew that the charge induced on each sphere is 

—2em (1—-m+m?—3m3 + 4m*), 
neglecting higher powers of m, which is the ratio of the radius to the distance between the 
centres of the spheres. 

27. Two insulated conducting spheres of radii a, b, the distance ¢ of whose centres 
is large compared with a and 6, have charges Z,, EZ, respectively. Shew that the potential 
energy is approximately 


1 6 2 ie 
a{(4-5) a+ 3 a+ (5-5) BF 


fe 19 
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28. Shew that the force between two insulated spherical conductors of radius a placed 
in an electric field of uniform intensity ’ perpendicular to their line of centres is 
a’ 2a3 8aé 
i ( aa ae oan 2): 
c being the distance between their centres. 


29. Two uncharged insulated spheres, radii a, 6, are placed in a uniform field of force 
so that their line of centres is parallel to the lines of force, the distance ¢ between their 
centres being great compared with a and 6. Prove that the surface density at the point 
at which the line of centres cuts the first sphere (a) is approximately 


Sikes 253 57q3b3 
i {3 CoE aoe 98a2b e+ uf 


4n 3 a ro c8 


30. A conducting sphere of radius a is embedded in a dielectric (KZ) whose outer 
boundary is a concentric sphere of radius 2a. Shew that if the system be placed in 
a uniform field of force F, equal quantities of positive and negative electricity are 


separated of amount 
9FaePK 
5K+7° 


31. A sphere of glass of radius a is held in air with its centre at a distance c from a 
point at which there is a positive charge e. Prove that the resultant attraction is 


Sey 8 Qc? B fe 4°-Bd. 
bees (arent roam pd -0(5) | ap 


0 
where B=(K-1)/(K+1). 


32. A conducting spherical shell of radius a is placed, insulated and without charge, 
in a uniform field of force of intensity F. Shew that if the sphere be cut into two 
hemispheres by a plane perpendicular to the field, a force %,a?/? is required to prevent 
the hemispheres from separating. 


33. A spherical shell, of radii a, b and inductive capacity K, is placed in a uniform 
field of force F. Shew that the force inside the shell is uniform and equal to 
9KF 
9K 21) (fat = 1): 
34. The surface of a conductor being one of revolution whose equation is 
Aneel ey 
rt TB? 


where 7, 7” are the distances of any point from two fixed points at distance 8 apart, find 
the electric density at either vertex when the conductor has a given charge, 


35. The curve 
1 9a a+xz a-x£ 1 
PIES GALCER ak ma 
(2? +y”) {(etaPty)? e-aPtyy) % 
when rotated round the axis of # generates a single closed surface, which is made the 


bounding surface of a conductor. Shew that its capacity will be a, and that the surface 
density at the end of the axis will be e/37a?, where ¢ is the total charge. 


36. Two equal spheres each of radius a are in contact. Shew that the capacity of the 
conductor so formed is 2a log, 2. 
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37. Two spheres of radii a, b are in contact, a being large compared with b. Shew 
that if the conductor so formed is raised to potential V, the charges on the two spheres are 


2b? 7252 
V(t stags) 84 7 (atappy) 
38. A conducting sphere of radius a is in contact with an infinite conducting plane. 


Shew that if a unit point-charge be placed beyond the sphere and on the diameter through 


the point of contact at distance ¢ from that point, the charges induced on the plane and 
sphere are 


Ta Ta 7a wa 
— — cot — and — cot —-—1. 
¢c ¢c c c 


39. Prove that if the centres of two equal uninsulated spherical conductors of radius 


a be at a distance 2c apart, the charge induced on each by a unit charge at a point 
midway between them is 


> (-1)"sech na, 
1 
where c=a cosh a. 


40. Shew that the capacity of a spherical conductor of radius a, with its centre at a 
distance c from an infinite conducting plane, is Z 


co 
a@sinh a > cosech na, 


1 
where c=acosha. 


41. An insulated conducting sphere of radius @ is placed midway between two 
2 
parallel infinite uninsulated planes at a great distance 2c apart. Neglecting () » Sher 


that the capacity of the sphere is approximately 
a {1 + < log al A 


42 Two spheres of radii 7,, 72 touch each other, and their capacities in this position 
Are Cj, Cg. Shew that 


ail 2] Sail) 
ann {pS ate t iS at > 
1 


ry 
+12" 


where S= 


43. A conducting sphere of radius a is placed in air, with its centre at a distance e 
from the plane face of an infinite dielectric. Shew that its capacity is 

; 2 (K-1 

asinha > Ss 


n-1 
) cosech na, 
1 


where a=c/a. 


44. A point-charge ¢ is placed between two parallel uninsulated infinite conducting 
planes, at distances a and b from them respectively. Shew that the potential at a point 
between the planes which is at a distance z from the charge and is on the line through the 
charge perpendicular to the planes is 

. 2 , { 2a-2 a) FS) 
e ( y (sts) y (om Y (oe Lis 2a+ 2b 
Sera a Ge reyes er at b—z 
2 (a+) Z 2a—2 (es) Ge ) 
| P (tm) + as D 2a+2b z 2a +26 


19—2 
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45. A spherical conductor of radius a is surrounded by a uniform dielectric K, which 
is bounded by a sphere of radius 6 having its centre at a small distance y from the centre 
of the conductor. Prove that if the potential of the conductor is V, and there are no 
other conductors in the field, the surface density at a point where the radius makes an 
angle 4 with the line of centres is 

KVb fi a 6 (K—1) ya cos 6 \. 
4ra {(K-1)a+}} 2(K—1)a8+(K+2) 6% 


46, A shell of glass of inductive capacity K, which is bounded by concentric spherical 
surfaces of radii a, b (a<b), surrounds an electrified particle with charge Z which is at a 
point @ at a small distance c from O, the centre of the spheres. Shew that the potential 
at a point P outside the shell at a distance 7 from @ is approximately 

E 2 Ee (63 — a®) (K —1)? cos 6 
r ' 908 (K—1P—63(K+2)(2kh+1) 7”? 
where 6 is the angle which QP makes with O@ produced. 


47. If the centres of the two shells of a spherical condenser be separated by a small 
distance d, prove that the capacity is approximately 


: ab abd? 
a {1 aS ea 


48. A condenser is formed of two spherical conducting sheets, one of radius } 
surrounding the other of radius a The distance between the centres is c, this bemg so 
small that (c/a)? may be neglected. The surface densities on the inner conductor at the 
extremities of the axis of symmetry of the instrument are oj, oz, and the mean surface 
density over the inner conductor is ¢. Prove that 

o2~0, + 6cea? 
¢  B8-a 


49. The equation of the surface of a conductor is r=a(1+«P,,), where ¢ is very small, 
and the conductor is placed in a uniform field of force F’ parallel to the axis of harmonics. 
Shew that the surface density of the induced charge at any point is greater than it would 
be if the surface were perfectly spherical, by the amount 


Tet (+) Part (0-2) Paid 


50. A conductor at potential V whose surface is of the form r=a(1+eP,) is sur- 
rounded by a dielectric (K) whose boundary is the surface r=b (1+ nP,), and outside this 
the dielectric is air. Shew that the potential in the air at a distance 7 from the origin is 


KabV 1, (2n+1) carb +14 (H-1) nb" {nb™*14(n4+1) a+} P, 
(K-l)a+b|r (l-+n+nK) 0414 (K=1) (n+1) a*1 peri |? 
where squares and higher powers of ¢ and n are neglected. 


51. The surface of a conductor is nearly spherical, its equation being 
r=a(1+eS,), 


where ¢ is small. Shew that if the conductor is uninsulated, the charge induced on 
it by a unit charge at a distance f from the origin and of angular coordinates 6, > is 


approximately a a\" 
5 {1+ (5) «Sule, a}. 
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52. A uniform circular wire of radius a charged with electricity of line density e 
surrounds an uninsulated concentric spherical conductor of radius ¢; prove that the 
electrical density at any point of the surface of the conductor is 

e be BIG 1.3.5¢ 
-3(1- By pty jai BST GPa ton) 


53. <A dielectric eens is surrounded by a thin circular wire of larger radius } 
carrying a charge H. Prove that the potential within the sphere is 


E 1+4n 1.3.5...2n—-1 
ry {+ S(-" Tf2n(1+K) 2.4.6... 20 (GG) Pas} 
54. If within a conductor formed by a cone of semi-vertical angle cos~1 9 and two 


spherical surfaces r=a, r=b with centres at the vertex of the cone, a charge g on the axis 
at distance r’ from the vertex gives potential V, and if we write 


s a 
r=ae-rA, V=Ue%, X=logz> 


O0=S>Amn sin Saas = Py (ue), V=ZBaPn(w), 
mn n 
the summation with respect to m er to all positive integers, and that with respect 
to m to all numbers integral or fractional for which P, (4)=0, determine A,,,. Effecting 
the summation with respect to m, shew that when r <7’, 
m+ 2n+1 
Bn=29¢ (r-- So) (m-Sa)/@ qt =n] a }) Tn dP, oo 5 


=o 


and that when r>/7, 


2n+1 G2n+1 aP, aP,, 
B,=29 (+- at) (r»— car) /(am+1 — =p tt) [a- p?) dn du. aS ie 


55. A spherical shell of radius a with a little hole in it is freely electrified to potential 
V. Prove that the charge on its inner surface is less than VS/8za, where S is the area of 
the hole. 


56. A thin spherical conducting shell from which any portions have been removed is 
freely electrified. Prove that the difference of densities inside and outside at any point is 
constant. 


57. Electricity is induced on an uninsulated spherical conductor of radius a, by a 
uniform surface distribution, density o, over an external concentric non-conducting 
spherical segment of radius ¢, Prove that the surface density at the point A of the 
conductor at the nearer end of the axis of the segment is 


ae ues ( ir. 55) 


where B is the point of the segment on its axis, and D is any point on its edge. 


58. Two conducting discs of radii a, a’ are fixed at right angles to the line which 
joins their centres, the length of this line being 7, large compared with a. If the first 
have potential V and the second is uninsulated, prove that the charge on the first is 

Qamr2V 
nr? — daa!” 

59. A spherical conductor of diameter a is kept at zero potential in the presence of a 
fine uniform wire, in the form of a circle of radius ¢ in a tangent plane to the sphere with 
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its centre at the point of contact, ae has a charge Z of electricity; prove that the 
electrical density induced on the sphere at a point whose direction from the centre of the 
ring makes an angle y with the normal to the plane is 


22H sec? yp 


Ana 


if (a2 +c? sec? y — 2ac tan yp cos 6) ~ 3 a0, 


60. Prove that the capacity of a hemispherical shell of radius a is 


61. Prove that the capacity of an elliptic plate of small eccentricity e and area A is 


approximate] y 


62. <A circular disc of radius @ is under the influence of a charge g at a point in its 
plane at distance 6 from the centre of the disc. Shew that the density of the induced 
distribution at a point on the disc is 

qd 62 — q2 
QR? a?—r?? 
where 7, & are the distances of the point from the centre of the disc and the charge. 


63. An ellipsoidal conductor differs but little from a sphere. Its volume is equal to 
that of a sphere of radius 7, its axes are 27(1+a), 2r(1+8), 2r(1+y). Shew that neg- 
lecting cubes of a, B, y, its capacity is 


r {1 +7; (a? + 6?+7*)}. 


64. A prolate conducting spheroid, semi-axes a, b, has a charge £ of electricity. Shew 
that repulsion between the two halves into which it is divided by its diametral plane is 
Ef? ef. 
4 (a? — B2 aye 
Determine the value of the force in the case of a bs on 


65. One face of-a condenser is a circular plate of radius a: the other is a segment of 
a sphere of radius #, & being so large that the plate is almost flat. Shew that the 
capacity is 4 AF log ¢t,/¢o where ¢,, ¢% are the thickness of dielectric at the middle and edge 
of the condenser. Determine also the distribution of the charge. 


66. A thin circular disc of radius a is electrified with charge H and surrounded by a 
spheroidal conductor with charge /,, placed so that the edge of the disc is the locus of the 
focus S of the generating ellipse. Shew that the energy of the system is 

; sh 


BSC + - ear ge 


B being an extremity of the oe axis of the sae and C the centre. 


67. If the two surfaces of a condenser are concentric and coaxial oblate spheroids of 
small ellipticities « and ¢’ and polar axes 2c and 2¢’, prove that the capacity is 
cc’ (c’ —¢)—? {e’ —c+ 3 (ec'—e’c)}, 
neglecting squares of the ellipticities; and find the distribution of electricity on each 
surface to the same order of approximation, 


Huamples 295 


68. An accumulator is formed of two confocal prolate spheroids, and the specific 
inductive capacity of the dielectric is KZ/w, where w is the distance of any point from the 
axis. Prove that the capacity of the accumulator is 


ay + b, 
a Kl/log (at?) ; 
where a, 6 and a, b; are the semi-axes of the generating ellipses. 


69. A thin spherical bowl is formed by the portion of the sphere a? +4724 22=cz 
PH ep 
bounded by and lying within the cone = + ty = - and is put in connection with the earth 
by a fine wire. 0 is the origin, and C, diametrically opposite to O, is the vertex of the 
bowl; @ is any point on the rim, and P is any point on the great circle arc CQ. Shew 
that the surface density induced at P by a charge Z placed at O is 
Ee cq 


~ 4mabl OP? (OP*— 0928” 


1/2 
where Te | pee dee Ty 
0 (a? sin? 6+ 6? cos? 6)3 
70. Three long thin wires, equally electrified, are placed parallel to each other so that 
they are cut by a plane perpendicular to them in the angular points of an equilateral 
triangle of side ./3c; shew that the polar equation of an equipotential curve drawn on the 
plane is 
76+ ¢8 — 273¢3 cos 36 =constant, 
the pole being at the centre of the triangle and the initial line passing through one of the 
wires. 


71. <A flat piece of corrugated metal (y=asin mz) is charged with electricity. Find 
the surface density at any point, and shew that it exceeds the average density approxi- 
mately in the ratio my : 1. 


72. A long hollow cylindrical conductor is divided into two parts by a plane through 
the axis, and the parts are separated by a small interval. If the two parts are kept at _ 
potentials V, and Vp, the potential at any point within the cylinder is 

VitVe , Vi-Ve,, _, 2arcos 6 
2 + 7 cae at—r2 ? 


where r is the distance from the axis, and @ is the angle between the plane joining the 
point to the axis and the plane through the axis normal to the plane of separation. 


73. Shew that the capacity per unit length of a telegraph wire of radius a at height 
above the surface of the earth is 
h—-a|7} 
-1 oe 
[4 ipab i =| - 

74, An electrified line with charge e per unit length is parallel to a circular cylinder 
of radius @ and inductive capacity K, the distance of the wire from the centre of the 
~ cylinder being ¢. Shew that the force on the wire per unit length is 

K-1 4a?e? 
K+1 ¢(c?-a?)* 

75. A cylindrical conductor of infinite length, whose cross-section is the outer 
boundary of three equal orthogonal circles of radius a, has a charge ¢ per unit length. 
Prove that the electric density at distance 7 from the axis is 

e (3r2+a?) (872 - a? —N bar) (37? — aan 6ar) 
6xra 7? (Qrt — 3a?r? + a4) ; 
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76, If the cylinder at+y!=at be freely charged, shew that in free space the resultant 
force varies as 


Segth\ es 
(144204 cos 48-45) ; 


where x=r cos 6, y=r sin 6; and that its direction makes with the axis of w an angle 


$tan-1 (Gs oe , tan 20) 


77. If d+i~=f(a+iy), and the curves for which ¢=constant be closed, shew that 
the capacity C of a condenser with boundary surfaces =i, =o i8 


eS a 
4m (¢1— $0) 


per unit length, where [1] is the increment of y on passing once round a ¢-curve. 


78. Using the transformation #+7y=ccot}4(U+iV), shew that the capacity C per 
unit length of a condenser formed by two right circular cylinders (radii a, 6), one inside 
the other, with parallel axes at a distance d apart, is given by 
a2+52— cal 


_ =-1 
1/C=2 cosh ( = 


79. A plane infinite electric grating is made of equal and equidistant parallel thin 
metal plates, the distance between their successive central lines being 7, and the breadth 


of each plate 2sin~ (x): Shew that when the grating is electrified to constant 


potential, the potential and charge functions V, U in the surrounding space are given 
by the equation 

sin (U+7V)=£ sin (7+7y). 
Deduce that, when the grating is to earth and is placed in a uniform field of force of unit 
intensity at right angles to its plane, the charge and potential functions of the portion of 
the field which penetrates through the grating are expressed by 


U+iV—(x2+7y), 
and expand the potential in the latter problem in a Fourier Series, 


80. A cylinder whose cross-section is one branch of a rectangular hyperbola is 
maintained at zero potential under the influence of a line-charge parallel to its axis 
and on the concave side. Prove that the image consists of three such line charges, and 
hence find the density of the induced distribution. 


81. A cylindrical space is bounded by two coaxial and confocal parabolic cylinders, 
whose latera recta are 4a and 40, and a uniformly electrified line which is parallel to the: 
generators of the cylinder intersects the axes which pass through the foci in points distant 
ce from them (a>c>6). Shew that the potential throughout the space is 


mr cos f 7 (# sin Sa c*)| 

2 2 

oe COS | 
a?—b . a? —b? 


pie n(rbsin$ +c#—at 04) | 
2 2 
cosh 


Alog 


+ cos 


at—bt ab? } 


where 7, § are polar coordinates of a section, the focus being the pole. Determine A in 
terms of the electrification per unit length of the line. 
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82. An infinitely long elliptic cylinder of inductive capacity X, given by £=a where 
2+iy=ccosh (+77), is in a uniform field P parallel to the major axis of any section. 
Shew that the potential at any point inside the cylinder is 


1+cotha 
K+coth a* 


83. ‘Two insulated uncharged circular cylinders outside each other, given by =a and 
n=—Bf where «+7y=c tan $(€+7), are placed in a uniform field of force of potential Fz. 
Shew that the potential due to the distribution on the cylinders is 


~® sinh nB-+e7"@*) sinh na 
sinh n (a+) 


—Pxz 


C2) e” (a 
—2Fce (-)* sin 7€&. 
1 


84, Two circular cylinders outside each other, given by n=a and y= —8 where 
w-riy=ctan } (E+%), 
are put to earth under the influence of a line-charge # on the line z=0, y=0. Shew that 
the potential of the induced charge outside the cylinders is 
AES le~”*sinh n(n +8)+e~”* sinh n (a—n) 
n sinh 2 (a+ 8) 


the summation being taken for all odd positive integral values of n. 


cos n€é + constant, 


85. The cross-sections of two infinitely long metallic cylinders are the curves 
(a?+4? +07)?—4c742=a4 and (a*+y?+ 0?)?-— 40%? = bt, 
where 6>a>c. If they are kept at potentials V; and V2 respectively, the intervening 


space being filled with air, prove that the surface densities per unit length of the 
electricity on the opposed surfaces are 


Vole dary aha 2 at 
47a? log — 476? log b 
ae "a 
respectively. 
86, What problems are solved by the transformation 
ad, _e(#—1) 
(2 a eae et Ed 


4 a+t 
m (v+tp)=log —— 
where a>1? 
87. What problem in Electrostatics is solved by the transformation 
2+iy=cn (ptr), 
where yf is taken as the potential function, @ being the function conjugate to it? 


88. One half of a hyperbolic cylinder is given by 7= +m, where \m| <5 and é, 7 are 


given in terms of the Cartesian coordinates x, y of a principal section by the trans- 
formation ; 

v+iy=c cosh (+7). 
The half-cylinder is uninsulated and under the influence of a charge of density # per unit 
length placed along the line of internal foci Prove that the suriace density at any point 
of the cylinder is 


~ E| fem cosh oe n/ peek e008 In: 
1 
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; rant: lp 
89. Verify that, if r, s be real positive constants, z=27+1y, a=pe™, Aroeres the 


neld of force outside the conductors #?+y?+2se=0, 2?+y?-2ra=0 due to a doublet at 
the point z=a, outside both the circles, of strength » and inclination a to the axis, is 
given by putting 
U+iv= {oO cot Cr G _ *) — @7*(@-28) cot em G - =) r 
p 2 0 z2 a 
where z= is the inverse point to z=a with regard to either of the circles. 


90. <A very thin indefinitely great conducting plane is bounded by a straight edge of 
indefinite length, and is connected with the earth. A unit charge is placed at a point P. 
Prove that the potential at any point @ due to the charge at P and the electricity induced 
on the conducting plane is 

119 2 i eee eee 1 ae 
Petia Re Ses eS ah = 
Poese ( = 008 5 ) pone ( = 008.5 3 
where P’ is the image of P in the plane, the cylindrical coordinates of Q and P are 
(r, p, 2), (7, d’, 7), the straight edge is the axis of z, the angles ¢, ¢’ lie between O and 2z, 
o=0 on the conductor, 


Arr’ 


and those values of the inverse functions are taken which lie between $m and 7m. 


BP (caer y 


91. A semi-infinite conducting plane is at zero potential under the influence of an 
electric charge g at a point @ outside it. Shew that the potential at any point P is 
given by 


q - ee eee cosh $n +cos $ (8 — 41) 
lair. | {cost cos (6— @)} - 2 tan nv a ee) 


. n —4..,-1 cosh $n ¥c0s $ (8+ 4) 
{cosh 7 —cos (6+ 6;)}~ 7 tan iif cosh $n — cos $ (6 +6,)_}’ 


where 7, 6, z are the cylindrical coordinates of the point P, (7, 6,, 0) of the point Q, d=0 
is the equation of the conducting plane, and 


Qrr, cosh n=77 +7242. 


Hence obtain the potential at any point due to a spherical bowl at constant potential, 
and shew that the capacity of the bowl is 


Tee) 
Tv sina 


where a is the radius of the aperture, and a is the angle subtended by this radius at the 
centre of the sphere of which the bow] is a part. 


92. A thin circular conducting disc is connected to earth and is under the influence 
of a charge q of electricity at an external point P. The position of any point @ is denoted 
by the peri-polar coordinates p, 6, ¢, where p is the logarithm of the ratio of the distances 
from @ to the two points #, Sin which a plane QRS through the axis of the disc cuts its 
rim, @ is the angle RQS, and ¢ is the angle the plane QRS makes with a fixed plane 
through the axis of the disc, the coordinate @ having values between —m and +7, and 
changing from +m to —m in passing through the disc. Prove or verify that the potential 
of the charge induced on the disc at any point @ (p, 6, ¢) is 


= OP a * sin~1 {cos } (0 — 6) sech 4a} | - ae + * sin-1 {cos 4 (0 +6) soch 40} |, 
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where po, , go are the coordinates of P, 4 being positive, the point P’ is the optical 
image of P in the disc, a is given by the equation 


cos a=cosh p cosh po—sinh p sinh py cos (f— do), 
and the smallest values of the inverse functions are to be taken. 


Prove that the total charge on the disc is — gOo/7. 


Explain how to adapt the formula for the potential to the case in which the circular 
disc is replaced by a spherical bowl with the same rim. 


93. Shew that the potential at any point P ofa circular bowl, electrified to potential 
C, is 
eg A eee es ge ee oe 
T AP+BP° OP OA’ AP+BP/}’ 


where O is the centre of the bowl, and A, B are the points in which a plane through P 
and the axis of the bowl cuts the circular rim. 


Find the density of electricity at a point on either side of the bowl and shew that the 
capacity is 


a ; 
=< (a+sin a), 
where a is the radius of the sphere, and 2a is the angle subtended at the centre. 


94. Two spheres are charged to potentials Vo and V;. The ratio of the distances of 


any point from the two limiting points of the spheres being denoted by e” and the angle 
between them by €, prove that the potential at the point €, 7 is 
2 sinh (n+4) (B+ Sia 
Vo J{2 (cosh n —cos &)} > soe et P,, (cos &) e etDe 
0 


© ginh a-— 
+ Vin/{2 (cosh 7— cos aS sah areTo 


where 7=a,7=-—8 are the equations of the spheres, Hence find the charge on either 
sphere. 


P,, (cos &) Pe oh Ue 


CHAPTER IX 
STEADY CURRENTS IN LINEAR CONDUCTORS 


PHYSICAL PRINCIPLES. 


338. Ir two conductors charged with electricity to different potentials 
are connected by a conducting wire, we know that a flow of electricity will 
take place along the wire. This flow will tend to equalise the potentials 
of the two conductors, and when these potentials become equal the flow of 
electricity will cease. If we had some means by which the charges on the 
conductors could be replenished as quickly as they were carried away by 
conduction through the wire, then the current would never cease. The con- 
ductors would remain permanently at different potentials, dnd there would 
be a steady flow of electricity from one to the other. Means are known by 
which two conductors can be kept permanently at different potentials, so that 
a steady flow of electricity takes place through any conductor or conductors 
joining them. We accordingly have to discuss the mathematical theory of 
such currents of electricity. 


We shall begin by the consideration of the flow of electricity in linear 
conductors, by a linear conductor being meant one which has a definite 
cross-section at every point. The commonest instance of a linear conductor 
is a wire. 

339. DEFINITION. The strength of a current at any point in a wire or 
other linear conductor, is measured by the number of units of electricity which 
flow across any cross-section of the conductor per unit time. 


If the units of electricity are measured in Electrostatic Units, then the 
current also will be measured in Electrostatic Units. These, however, as will 


be explained later, are not the units in which currents are usually measured 
in practice. 


Let P, Q be two cross-sections of a linear conductor in which a steady 
current is flowing, and let us suppose that no other conductors touch this 
conductor between P and Q. Then, since the current is, by hypothesis, 
steady, there must be no accumulation of electricity in the region of the 
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conductor between P and Q. Hence the rate of flow into the section of the 
conductor across P must be exactly equal to the rate of flow out of this 
section across @. Or, the currents at P and Q must be equal. Hence we 
speak of the current in a conductor, rather than of the current at a point in 
a conductor. For, as we pass along a conductor, the current cannot change 
except at points at which the conductor is touched by other conductors. 


Ohm’s Law. 


340. In a linear conductor in which a current is flowing, we have 
electricity in motion at every point, and hence must have a continuous 
variation in potential as we pass along the conductor. This is not in 
opposition to the result previously obtained in Electrostatics, for in the 
previous analysis it had to be assumed that the electricity was at rest. 
In the present instance, the electricity is not at rest, being in fact kept 
in motion by the difference of potential under discussion. 

The analogy between potential and height of water will perhaps help. A lake in 
which the water is at rest is analogous to a conductor in which electricity is in equi- 
librium, The theorem that the potential is constant over a conductor in which electricity 
is in equilibrium, is analogous to the hydrostatic theorem that the surface of still water 
must all be at the same level. A conductor through which a current of electricity is 
flowing finds its analogue in a stream of running water. Here the level is not the same at 
all points of the river—it is the difference of level which causes the water to flow. The 
water will flow more rapidly in a river in which the gradient is large than in one in 
which it is small. The electrical analogy to this is expressed by Ohm’s Law. 


Oum’s Law. The difference of potential between any two points of a wire 
or other linear conductor in which a current is flowing, stands to the current 
flowing through the conductor in a constant ratio, which is called the resistance 
between the two points. 

It is here assumed that there is no junction with other conductors 
between these two points, so that the current through the conductor is 
a definite quantity. 


341. Thus if C is the current flowing between two points P, Q at which 
the potentials are Vp, Vo, we have 
Vp — VYo= OR woerecases mae és} coabnbeis (264), 


where R is the resistance between the points P and Q. Very delicate 
experiments have failed to detect any variation in the ratio 


(fall of potential)/(current), 


as the current is varied, and this justifies us in speaking of the resistance as 
a definite quantity associated with the conductor. The resistance depends 
naturally on the positions of the two points by which the current enters and 
leaves the conductor, but when once these two points are fixed the resistance 
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is independent of the amount of current. In general, however, the resistance 
of a conductor varies with the temperature, and for some substances, of which 
selenium is a notable example, it varies with the amount of light falling on 
tbe conductor, 


The Voltaic Cell. 


342. The simplest arrangement by which a steady flow of electricity can 
be produced is that known as a Voltaic Cell. This is represented diagram- 
matically in Fig. 95. A voltaic cell consists essentially of two conductors 


ab 


Fie, 95. 


A, B of different materials, placed in a liquid which acts chemically on at 
least one of them. On establishing electrical contact between the two ends 
of the conductors which are out of the liquid, it is found that a continuous 
current flows round the circuit which is formed by the two conductors and 
the liquid, the energy which is required to maintain the current being 
derived from chemical action in the cell. 


To explain the action of the cell, it will be necessary to touch on a subject 
of which a full account would be out of place in the present book. As an 
experimental fact it is found that two conductors of dissimilar material, when 
placed in contact, have different potentials when there is no flow of electricity 
from one to the other*, although of course the potential over the whole of 
either conductor must be constant. In the light of this experimental fact, 
let us consider the conditions prevailing in the voltaic cell before the two 
ends a, b of the conductors are joined. 


So long as the two conductors A, B and the liquid C do not form a closed 
circuit, there can be no flow of electricity, Thus there is electric equilibrium, 


* For a long time there has been a divergence of opinion as to whether this difference of 
potential is not due to the chemical chauge at the surfaces of the conductors, and therefore 
dependent on the presence of a layer of air or other third substance between the conductors. It 
seems now to be almost certain that this is the case, but the question is not one of vital 
importance as regards the mathematical theory of electric currents. 
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and the three conductors have definite potentials V,, Vz, Vo. The difference 
of potential between the two “terminals” a, b is V, — Vz, but the peculiarity 
of the voltaic cell is that this difference of potential is not equal to the 
difference of potential between the two conductors when they are placed 
in contact and are in electrical equilibrium without the presence of the 
liquid C. Thus on electrically joining the points a, b in the voltaic cell 
electrical equilibrium is an impossibility, and a current is established in the 
circuit which will continue until the physical conditions become changed or 
the supply of chemical energy is exhausted. 


Electromotive Force. 


343. Let A, B,C be any three conductors arranged so as to form a closed 
circuit. Let V,z be the contact difference of potential between A and B when 
there is electric equilibrium, and let Veg, 4 have similar meanings. 


If the three substances can be placed in a closed circuit without any 
current flowing, then we can have equilibrium in which the three conductors 
will have potentials V,, V3, Vo, such that 


Vi — Va= Van; Ve — Vo= Vee; Vo— Va = Vou: 
Thus we must have 
Vag+ Vec+ Vos =9, 
a result known as Volta’s Law. 


If, however, the three conductors form a voltaic cell, the expression on 
the left-hand of the above equation does not vanish, and its value is called 
the electromotive force of the cell. Denoting the electromotive force by £, 
we have 

Vip oer ta i eee ons cnc sg cncgatay nce es (265). 

We accordingly have the following definition : 


DerFiniTION. The Electromotive Force of a cell is the algebraic sum of the 
discontinuities of potential encountered in passing in order through the series 
of conductors of which the cell 1s composed. 


Clearly an electromotive force has direction as well as magnitude. It 
is usual to speak of the two conductors which pass into the liquid as the 
high-potential terminal and the low-potential terminal, or sometimes as the 
positive and negative terminals. Knowing which is the positive or high- 
-potential terminal, we shall of course know the direction of the electromotive 
force. 


344. If the conductors 0, A of a voltaic cell ABC are separated, and 
then joined by a fourth conductor D, such that there is no chemical action 
between D and the conductors C or A, it will easily be seen that the sum of 
the discontinuities in the new circuit is the same as in the old. 
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For by hypothesis CDA can form a closed circuit in which no chemical 
action can occur, and therefore in whieh there can be electric equilibrium. 
Hence we must have 

Veo + Voa + Vic = 9 Co eeeee eee soeserseaeaeooerne (266). 

Moreover the sum of all the discontinuities in the circuit is 


Vint Veo + Veo + Vou 

= Vi2+ Veo— Vic, by equation (266) 

em Viz a Vie + Vou 

= HE, by equation (265), 
proving the result. A similar proof shews that we may introduce any series 
of conductors between the two terminals of a cell, and so long as there is no 
chemical action in which these new conductors are involved, the sum of all the 
discontinuities in the circuit will be constant, and equal to the electromotive 
force of the cell. 

Let ABC... MN be any series of conductors, including a voltaic cell, 
and let the material of V be the same as that of A. If WV and A are joined 
we obtain a closed circuit of electromotive force #, such that 

Viz + Veo + ++» + View + Vina = EB. . 
Moreover V,,=0, since the material of NV and A is the same. Thus the 
relation may be rewritten as 

Viz t+ Veo «++ + Viz =f Cee cceeverecescccces (267). 

In the open series of conductors ABC ... MN, there can be no current, so 
that each conductor must be at a definite uniform potential, If we denote 
the potentials by Vi, Vz, ... Viz, Vy, we have 


Vi — Ve = Vaz, 


Vir — Vr = View 
Hence equation (267) becomes 
Vai 


We now see that the electromotive force of a cell is the difference of 
potential between the ends of the cell when the cell forms an open circuit, 
and the materials of the two ends are the same. 


A series of cells, joined in series so that the high-potential terminal of 
one is in electrical contact with the low-potential terminal of the next, and 
so on, 1s called a battery of cells, or an “electric battery ” arranged in series. 


It will be clear from what has just been proved, that the electromotive 


force of such a battery of cells is equal to the sum of the electromotive forces 
of the separate cells of the series, 


— 
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Units. 


345. On the electrostatic system, a unit current has been defined to be 
a current such that an electrostatic unit of electricity crosses any selected 
cross-section of a conductor in unit time. For practical purposes, a different 
unit, known as the ampére, is in use. The ampere is equal very approximately 
to 3 x 10° electrostatic units of current (see below, § 587). 


To form some idea of the actual magnitude of this unit, it may be stated that the 
amount of current required to ring an electric bell is about half an ampére. About the 
same amount is required to light a 50 c.p. 100-volt metallic filament incandescent lamp. 


As an electromotive force is of the same physical nature as a difference 
of potential, the electrostatic unit of electromotive force is taken to be the 
same as that of potential. The practical unit is about 54, of the electrostatic 
unit, and is known as the volt (see below, § 587). 

It may be mentioned that the electromotive force of a single voltaic cell is generally 
intermediate between one and two volts; the electromotive force which produces a 
perceptible shock in the human body is about 30 volts, while an electromotive force 
of 500 volts or more is dangerous to life. Both of these latter quantities, however, vary 
enormously with the condition of the body, and particularly with the state of dryness 
or moisture of the skin. The electromotive force used to work an electric bell is 
commonly 6 or 8 volts, while an electric light installation will generally have a voltage 
of about 100 or 200 volts. 


The unit of resistance, in all systems of units, is taken to be a resistance 
such that unit difference of potential between its extremities produces unit 
current through the conductor. We then have, by Ohm’s Law, 


difference of potential at extremities 


current = - 
resistance 


In the practical system of units, the unit of resistance is called the ohm. 
From what has already been said, it follows that when two points having a 
potential-difference of one volt are connected by a resistance of one ohm, the 
current flowing through this resistance will be one ampére. In this case the 
difference of potential is 545 electrostatic units, and the current is 3 x 10° 
electrostatic units, so that by relation (268), it follows that one ohm must be 


equal to — electrostatic units of resistance (see below, § 587). 


Some idea of the amount of this unit may be gathered from the statement that 
the resistance of a mile of ordinary telegraph wire is about 10 ohms. The resistance 
of a good telegraph insulator may be billions of ohms. 
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PHyYsIcAL THEORIES OF CONDUCTION. 
\ 


Electron-theory of conduction. 


345 a. As has been already explained (§ 28), the modern view of 
electricity regards a current of electricity as a material flow of electric 
charges. In all conductors except a small class known as electrolytic 
conductors (see below, § 345), these charged bodies are believed to be 
identical with the electrons. 


In a solid some of the electrons are supposed to be permanently bound to 
particular atoms or molecules, whilst others, spoken of as “free” electrons, 
move about in the interstices of the solid, continually having their courses 
changed by collisions with the molecules. Both kinds of electrons will be 
influenced by the presence of an electric field. It is probable that the 
restricted motions of the “bound” electrons account for the phenomenon of 
inductive capacity (§151) whilst the unrestricted motion of the free electrons 
explains the phenomenon of electric conductivity. 


Even when no electric forces are applied, the free electrons move about 
through a solid, but they move at random in all directions, so that as many 
electrons move from right to left as from left to right and the resultant 
current is ntl. If an electric force is applied to the conductor, each electron 
has superposed on to its random motion a motion impressed on it by the 
electric force, and the electrons as a whole are driven through the conductor 
by the continued action of the electric force. If it were not for their collisions 
with the molecules of the conductor, the electrons would gain indefinitely in 
momentum under the action of the impressed electric force, but the effect of 
collisions is continually to check this growth of momentum. 


Let us suppose that there are NV electrons per unit length of the 
conductor, and that at any moment these have an average forward velocity 
u through the material of the conductor. If m is the mass of each electron, 
the total momentum of the moving electrons will be Nmu. The rate at 
which this total momentum is checked by collisions will be proportional to 
NV and to u, and may be taken to be Nyu. The-rate at which the momentum 
is increased by the electric forces acting is NXe, where X is the electric 
intensity and e is the charge, measured positively, of each electron. Thus 
we have the equation ; 


f (Nimu) = NXe— Now petro eee aeeiee (a). 


In unit time the number of electrons which pass any fixed point in the 
conductor is Vw, so that the total flow of electricity per unit time past any 


point is New. This is by definition equal to the current in the conductor, sa 
that if we call this 7, we have 
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This enables us to reduce equation (a) to the form 


aan (x- Y i) Bc ea eens een ae (c). 


The equation shews that if a steady electric force is applied, such that 
the intensity at any point is X, the current will not increase indefinitely 
but will remain stationary after it has reached a value 7 given by 


ole 
ey. 
If V is the potential at any point of a conducting wire, and if s is a 
coordinate measured along the wire, we have X =— = , 80 that 
el ia 
os New 


Integrating between any two points P and Q of the conductor, we have 
. @ Sy 
oe | iat 


This is the electron-theory interpretation of equation (264), and explains 
how the truth of Ohm’s Law is involved in the modern conception of the 
nature of an electric current. It will be noticed that on this view of the 
matter, Ohm’s Law is only true for steady currents. 


We notice that the resistance of the conductor, on this theory, is y/Ne 
per unit length. Thus, generally speaking, bodies in which there are many 
free electrons ought to be good conductors, and conversely. 

The charge on the electron being 4:774x10—" electrostatic units, we may notice 
that a current of one ampére (3x 10° electrostatic units of current) is one in which 
6°3 x 1018 electrons pass any given point of the conductor every second. Consider a 
conductor in which the number of electrons per cubic centimetre is 107! (cf. § 615, below). 
Then in a wire of 1 square mm. cross-section there are 10! electrons per unit length, so 
that the average velocity of these when the wire is conveying a current of 1 ampére is of 
the order of one cm. per sec. This average velocity is superposed on to a random velocity 
which is known to be of the order of magnitude of 107 cms. per sec., so that the additional 
velocity produced by even a strong current is only very slight in comparison with the 
normal velocity of agitation of the electrons. 


Electrolytic conduction. 


345 b. Besides the type of electric conduction just explained, there is a 
second, and entirely different type, known as Electrolytic conduction, the 
distinguishing characteristic of which is that the passage of a current is 
accompanied by chemical change in the conductor. 


For instance, if a current is passed through a solution of potassium 
chloride in water, it will be found that some of the salt is divided up by the 
passage of the current into its chemical constituents, and that the potassium 

20—2 
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appears solely at the point at which the current leaves the liquid, while the 
chlorine similarly appears at the point at which the current enters. It thus 
appears that during the passage of an electric current, there is an actual 
transport of matter through the liquid, chlorine moving in one direction and 
potassium in the other. It is moreover found by experiment that the total 
amount, whether of potassium or chlorine, which is liberated by any current 
is exactly proportional to the amount of electricity which has flowed through 
the electrolyte. 


These and other facts suggested to Faraday the explanation, now 
universally accepted, that the carriers of the current are identical with the 
matter which is transported through the electrolyte. For instance, in the 
foregoing illustration, each atom of potassium carries a positive charge to the 
point where the current leaves the liquid, while each atom of chlorine, 
moving in the direction opposite to that of the current, carries a negative 
charge. The process is perhaps explained more clearly by regarding the total 
current as made up of two parts, first a positive current and second a negative 
current flowing in the reverse direction. Then the atoms of chlorine are the 
carriers of the negative current, and the atoms of potassium are the carriers 
of the positive current. 


Electrolytes may be solid, liquid, or gaseous, but in most cases of 
importance they are liquids, being solutions of salts or acids. The two parts 
into which the molecule of the electrolyte is divided are called the ions 
(tov), that which carries the positive current being called the positive ion, 
and the other being called the negative ion. The point at which the current 
enters the electrolyte is called the anode, the point at which it leaves is 
called the cathode. The two ions are also called the anion or cation 
according as they give up their charges at the anode or cathode respectively. 
Thus we have 


The anion carries — charge against current, and delivers it at the 
anode, 


The cation carries + charge with current, and delivers it at the 
cathode. 


When potassium chloride is the electrolyte, the potassium atom is the 
cation, and the chlorine atom is the anion. If experiments are performed 
with different chlorides (say of potassium, sodium, and lithium), it will be 
found that the amount of chlorine liberated by a given current is in every 
case the same, while the amounts of potassium, sodium, or lithium, being 
exactly those required to combine with this fixed amount of chlorine, are 
necessarily proportional to their atomic weights. This suggests that each 
atom of chlorine, no matter what the electrolyte may be in which it occurs, 
always carries the same negative charge, say — e, while each atom of potassium, 
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sodium, or lithium carries the same positive charge, say + H. Moreover FE 
and ¢ must be equal, or else each undissociated molecule of the electrolyte 
would have to be supposed to carry a charge EH —e, whereas its charge is 
known to be nil. 


It is found to be a general rule that every anion which is chemically 
monovalent carries the same charge —e, while every monovalent cation 
carries a charge +e. Moreover divalent ions carry charges + 2e, trivalent 
ions carry charges + 3¢, and so on. 


As regards the actual charges carried, it is found that one ampere of 
current flowing for one second through a salt of silver liberates 0:001118 
grammes of silver. Silver is monovalent and its atomic weight is 107-92 
(referred to O = 16), so that the amount of any other monovalent element of 
atomic weight m deposited by the same current will be 0:00001036 x m 
grammes. It follows that the passage of one electrostatic unit of electricity 
0:00001036 x m 


ill 1 lib i 
will result in the liberation of 3x 108 


, or 3:45 x 10-8 x m grammes 
of the substance. 


We can calculate from these data how many ions are deposited by one unit 
of current, and hence the amount of charge carried by each ion. It is found 
that, to within the limits of experimental error, the negative charge carried 
by each monovalent anion is exactly equal to the charge carried by the electron. 
It follows that each monovalent anion has associated with it one electron 
in excess of the number required to give it zero charge, while each monovalent 
cation has a deficiency of one electron; divalent ions have an excess or 
deficiency of two electrons, and so on. 


345c. Ohm’s Law appears, in general, to be strictly true for the resist- 
ance of electrolytes. In the light of the explanation of Ohm’s Law given in 
§ 345 a, this will be seen to suggest that the ions are free to move as soon as 
an electric intensity, no matter how small, begins to act on them. They 
must therefore be already in a state of dissociation; no part of the electric 
intensity is required to effect the separation of the molecule into ions. 

Other facts confirm this conclusion, such as for instance the fact that various physical 
properties—electric. conductivity, colour, optical rotatory power, etc.—are additive in the 
sense that the amount possessed by the whole electrolyte is the sum of the amounts 
known to be possessed by the separate ions. 

We may therefore suppose that as soon as an electric force begins to act, 
all the positive ions begin to move in the direction of the electric force, while 
all the negative ions begin to move in the opposite direction. Let us suppose 
the average velocities of the positive and negative ions to be w, v respectively, 
and let us suppose that there are W of each per unit length of the electrolyte 
measured along the path of the current. Then across any cross-section of the 
electrolyte there pass in unit time Nw positive ions each carrying a charge se 
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in the direction in which the current is measured, and Nv negative ions each 
carrying a charge — se in the reverse direction, s being the valency of each 
~~ ion. It follows that the total current is given by 


tS Nee +0) We, twcscves avaeemeoteneressh (d). 


Each unit of time Vw positive ions cross a cross-section close to the 
anode, having started from positions between this cross-section and the 
anode. Thus each unit of time Nw molecules are separated in the neigh- 
bourhood of the anode, and similarly Vv molecules are separated in the 
neighbourhood of the cathode. The concentration of the salt is accordingly 
weakened both at the anode and at the cathode, and the ratio of the amounts 
of these weakenings is that of u:v. This provides a method of determining 
the ratio of w:v. 


Also equation (d) provides a method of determining u+v, for 7 can be 
readily measured, and JVse is the total charge which must be passed through 
the electrolyte to liberate the ions in unit length, and this can be easily 
determined. 


Knowing u+v and the ratio w:v,1t is possible to determine w and v. 
The following table gives results of the experiments of Kohlrausch on three 
chlorides of alkali metals, for different concentrations, the current in each 
case being such as to give a potential fall of 1 volt per centimetre. 


Concentration Potassium chloride Sodium chloride Lithium chloride 


[The wnit in every case is a velocity of 10-° ems. per second. ] 


We notice that when the solution is weak, the velocity of the chlorine 
ion is the same, no matter which electrolyte it has originated in. This 
gives, perhaps, the best evidence possible that the conductivity of the 
electrolyte is the sum of the conductivities of the chlorine and of the metal 
separately. 


By arranging for the ions to produce discoloration of the electrolyte as 
they move through it, Lodge, Whetham and others have been able to observe 
the velocity of motion of the ions directly, and in all cases the observed 
velocities have agreed, within the limits of experimental error, with the 
theoretically determined values. 


345 c-346] Kirchhof’s Laws 311 


Conduction through gases. 


345d. In a gas in its normal state, an electric current cannot be carried 
in either of the ways which are possible in a solid or a liquid, and it is 
consequently found that a gas under ordinary conditions conducts electricity 
only in a very feeble degree. If however Rontgen rays are passed through 
the gas, or ultra-violet light of very short wave-length, or a stream of the 
rays from radium or one of the radio-active metals, then it is found that the 
gas acquires considerable conducting powers, for a time at least. For this 
kind of conduction it is found that Ohm’s Law is not obeyed, the relation 
between the current and the potential-gradient being an extremely complex 
one. 


The complicated phenomena of conduction through gases can all be 
explained on the hypothesis that the gas is conducting only when “ ionised,” 
and the function of the Rontgen rays, ultra-violet light, etc. is supposed to 
be that of dividing up some of the molecules into their component ions. 
The subject of conduction through gases is too extensive to be treated here. 
In what follows it is assumed that the conductors under discussion are not 
gases, so that Ohm’s Law will be assumed to be obeyed throughout. 


KircHHorr’s Laws. 


346. Problems occur in which the flow of electricity is not through 
a single continuous series of conductors: there may be junctions of three or 
more conductors at which the current of electricity is free to distribute itself 
between different paths, and it may be important to determine how the 
electricity will pass through a network of conductors containing junctions. 


The first principle to be used is that, since the currents are supposed 
steady, there can be no accumulation of electricity at any point, so that the 
sum of all the currents which enter any junction must be equal to the sum 
of all the currents which leave it. Or, if we introduce the convention that 
currents flowing into a junction are to be counted as positive, while those 
leaving it are to be reckoned negative, then we may state the principle in 
the form: 


The algebraic sum of the currents at any junction must be zero. 


From this law it follows that any network of currents, no matter how 
complicated, can be regarded as made up of a number of closed currents, each 
of uniform strength throughout its length. In some conductors, two or more 
of these currents may of course be superposed. 


Let the various junctions be denoted by A, B, C, ..., and let their 


potentials be V,, Vz, %,..-. Let Ry, be the resistance of any single con- 
ductor connecting two junctions A and B, and let C4z be the current flowing 
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through it from A to B. Let us select any path through the network of 
conductors, such as to start from a junction and bring us back to the starting 
point, say ABC...VA. Then on applying Ohm’s Law to the separate con- 
ductors of which this path is formed, we obtain (§ 341) 


Va an Vy ae Caph gp, 
V; =; Y = CacRzey 


ee 


By addition we obtain DO Rim Oe hoses terest eee eters emeer ee (269), 


where the summation is taken over all the conductors which form the closed 
circuit. 


In this investigation it has been assumed that there are no discontinuities 
of potential, and therefore no batteries, in the selected circuit. If dis- 
continuities occur, a slight modification will have to be made. We shall 
treat points at which discontinuities occur as junctions, and if A is a junction 
of this kind, the potentials at A on the two sides of the surface of separation 
between the two conductors will be denoted by V, and V,’. Then, by Ohm’s 
Law, we obtain for the falls of potential in the different conductors of the 
circuit, 

Vi — Vp = Cap Rap, 
V,’ — Vo= CaoR go, ete., 
and by addition of these equations 
= (V,' — V,) ==CR, 


The left-hand member is simply the sum of all the discontinuities of 
potential met in passing round the circuit, each being measured with its 
proper sign. It is therefore equal to the sum of the electromotive forces of 
all the batteries in the circuit, these also being measured with their proper 
signs. 

Thus we may write DOR cS ili gw dicctvcl sien, Gee teageie (270), 


where the summation in each term is taken round any closed circuit of 
conductors, and this equation, together with 


in which the summation now refers to all the currents entering or leaving a 


single junction, suffices to determine the current in each conductor of the 
network. 


Equation (271) expresses what is known as Kirchhoff’s First Law, while 
equation (270) expresses the Second Law. 
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Conductors in Series. 


347. When all the conductors form a single closed circuit, the current 
through each conductor is the same, say C, so that equation (270) becomes 


OS R= ZE. 


The sum =F is spoken of as the “resistance of the circuit,” so that the 
current in the circuit is equal to the total electromotive force divided by the 
total resistance. Conductors arranged in such a way that the whole current 
passes through each of them in succession are said to be arranged “in 
series,” 


Conductors in Parallel. 


348. It is possible to connect any two points A, B by a number of 
conductors in such a way that the current divides itself between all these 


Aa 8 
Fig. 96. . 

conductors on its journey from A to B, no part of it passing through more 
than one conductor. Conductors placed in this way are said to be arranged 
“in parallel.” 

Let us suppose that the two points A, B are connected by a number of 
conductors arranged in parallel. Let R,, R,,... be the resistances of the 
conductors, and C,, €,,... the currents flowing through them. Then if V,, Vz 
are the potentials at A and B, we have, by Ohm’s Law, 

V, — Vz= CR, = C,Ry= +. 


The total current which enters at A is C,+C,+..., say C. Thus we 
have 


C 
1% Weaqha Pe =p 
cs ee ee 

tte 18, hk, R, 


The arrangement of conductors in parallel is therefore seen to offer the 
same resistance to the current as a single conductor of resistance 


1 
ie ail 
BtRt 


The reciprocal of the resistance of a conductor is called the “ conductivity ” 
of the conductor. The conductivity of the system of conductors arranged 


in parallel is a? at ..., and is therefore equal to the sum of the 
2 
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conductivities of the separate conductors. Also we have seen that the 
current divides itself between the different conductors in the ratio of their 


conductivities 


MEASUREMENTS, 


The Measurement of Current. 


349. The instrument used for measuring the current passing in a circuit 
at any given instant is called a galvanometer. The theory of this instrument 
will be given in a later chapter (Chap. XIIt). 


For measuring the total quantity of electricity passing within a given 
time an instrument called a voltameter is sometimes used. The current, 
in passing through the voltameter, encounters a’ number of discontinuities 
of potential in crossing which electrical energy becomes transformed into 
chemical energy. Thus a voltameter is practically a voltaic cell run back- 
wards. On measuring the amount of chemical energy which has been stored 
in the voltameter, we obtain a measure of the total quantity of electricity 
which has passed through the instrument. 


The Measurement of Resistance. 


350. The Resistance Box. A resistance box is a piece of apparatus 
which consists essentially of a collection of coils of wire of known resistances, 
arranged so that any combination of these coils can be arranged in series. 
The most usual arrangement is one in which the two extremities of each 
coil are brought to the upper surface of the box, and are there connected 
to a thick band of copper which runs over the surface of the box. This 
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band of copper is continuous, except between the two terminals of each coil 
and in these places the copper is cut away in such a way that a copper oie 
can be made to fit exactly into the gap, and so put the two sides of the gap 
in electrical contact through the plug. The arrangement is shewn diagram- 
matically in fig. 97. When the plug is inserted in any gap DE, the plug 
and the coil beneath the gap DE form two conductors in parallel connecting 
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the points D and £. Denoting the resistances of the coil and plug by R,, Ry, 
the resistance between D and £ will be 
1 

u ie 

R. oi 
and since R, is very small, this may be neglected. When the plug is 
removed, the resistance from D to E may be taken to be the resistance of 
the coil. Thus the resistance of the whole box will be the sum of the 
resistances of all the coils of which the plugs have been removed. 


351. The Wheatstone Bridge. This is an arrangement by which it is 
possible to compare the resistances of conductors, and so determine an 
unknown resistance in terms of known resistances. 

The “bridge” is represented diagrammatically in fig. 98. The current 
enters it at A and leaves it at D, these points being connected by the lines 
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ABD, ACD arranged in parallel. The line AD is composed of two con- 
ductors AB, BD of resistances R,, R,, and the line ACD is similarly composed 
of two conductors AC, CD of resistances R,, R,. 


If current is allowed to flow through this arrangement of conductors, it 
will not in general happen that the points B and C will be at the same 
potential, so that if B and C are connected by a new conductor, there will 
usually be a current flowing through BC. The method of using the 
Wheatstone bridge consists in varying the resistances of one or more of the 
conductors R,, R., R;, R, until no current flows through the conductor BC. 

When the bridge is adjusted in this way, the points B, C must be at the 
same potential, say v. Let V,, V, denote the potentials at A and D, and 
let the current through ABD be C. Then, by Ohm’s Law, 

Vy-v=Ch, v-Vp=CR,, 


Ly aU 
so that Para 
From a similar consideration of the flow in ACD, we obtain 
Ry _Va- 
ft, ~~ = Vp’ 
R 
so that we must have = oe AA aye ae tsa ain a et (272), 
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as the condition to be satisfied between the resistances when there is no 
current in BC. 

Clearly by adjusting the bridge in this way we can determine an unknown 
resistance R, in terms of known resistances R,, R,, R, In the simplest 
form of Wheatstone’s bridge, the line ACD is a single uniform wire, and the 
position of the point C can be varied by moving a “sliding contact” along 
the wire. The ratio of the resistances R,: R, is in this case simply the ratio 
of the two lengths AC, CD of the wire, so that the ratio R,: R, can be found 
by sliding the contact C along the wire ACD until there is observed to be 
no current in BC, and then reading the lengths AC and CD. 


EXAMPLES OF CURRENTS IN A NETWORK. 
I. Wheatstone’s Bridge not in adjustment. 
352. The condition that there shall be no current in the “bridge” BC 
in fig. 98 has been seen to be that given by equation (272). 


\ 
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Suppose that this condition is not satisfied, and let us examine the flow 
of currents which then takes place in the network of conductors. Let the 
conductors AB, BD, AC, CD as before be of resistances R,, R,, R;, Ry, and 
let the currents flowing through them be denoted by a, a, a, a. Let the 
bridge BC be of resistance Ry, and let the current flowing through it from. 
B to CO be ay. 


From Kirchhoff’s Laws, we obtain the following equations: 


(Law I, point B) i, me yO. al hist. net hoe (273), 
(Law I, point C) Mg lg Aig HO. oi seshctel amie (274), 
(Law II, circuit ABC) 0, tty TR, a, bs 30 th Fee ee (2715): 
; (Law II, circuit BCD) phy Pah — aks =0- Cee eee (276). 


These four equations enable us to determine the ratios of the five currents 
,, %q, Lz, 4, T. We may begin by eliminating a and a, from equations 
(273), (274) and (276), and obtain 
x (hy, + R, + R,) + #,R,— aR, =0, 
and from this and equation (275), 
Xp L, x 


a 2 
iibaivs = RR, tae, (hy, + ie + R,) + R,R, Jae (Ry + R, + Ry) + RR, 
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The ratios of the other currents can be written down from symmetry. 


If the total current entering at A is denoted by X, we have X =a, + a. 
Thus if each of the fractions of equations (277) is denoted by 8, 

X= 60 {((R, + R,) (R, + BR.) + Ry (Ri + Ry + B+ R,)}...... (278), 
and this gives 0, and hence the actual values of the currents, in terms of the 
total current entering at A. 

The fall of potential from A to D is given by 
V4 — Vp = Rx, + Ryax,, 
and from equations (277) this is found to reduce to 
where 
X= RR, (R, + R,) + BR, (R, + BR) + Ry (RR; + RR, + RR, + RR), 
so that X is the sum of the products of the five resistances taken three at 


a time, omitting the two products of the three resistances which meet at the 
points B and C. 


There is now a current X flowing through the network, and having a 
fall of potential V;—Vp. Hence the equivalent resistance of the network 


Vee 
a 


_28 

pa 

% » 

~ (i, + By) (Ry + By) + By (B+ By + By + By)’ 
by equation (278). 


Il. Telegraph wire with faults. 


353. As a more complex example of the flow of electricity in a system 
of linear conductors, we may examine the case of a telegraph wire, in which 
there are a number of connexions through which the current can leak to 
earth. Such leaks are technically known as “ faults.” 
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Let AB be the wire, and let H, H,... Hin, & be the points on it at 
which faults occur, the resistances through these faults being R,, Ry,... 
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Rn-1, Rn, and the resistances of the sections AF, KH, ... Rik, and FB 
being 71, %,.-- Tn) Tn Let the end B ke supposed put to earth, and let the 
current be soppoed to be generated by a battery of which one terminal is 
connected to A while the other end is to earth. 


The equivalent resistance of the whole network of conductors from A to 
earth can be found in a very simple way. Current arriving at J, from the 
section F,_,, passes to earth through two conductors arranged in parallel, 
of which the resistances are R, and 7n4,. Hence the resistance from f, to 


earth is 


1 
aha, 


aad Tree 
and the resistance from /,_, to earth, through Ff, is 


dt 
7 ais aohisetelsinve wi eieais cite aoe ees 
Eth Trti 


Tn + 


Current reaching F,_, can, however, pass to earth by two paths, either 
through the fault at A, or past #,. These paths may be regarded as 
arranged in parallel, their resistances being R,_, and expression (279) 
respectively. Thus the equivalent resistance from /_, is 


f : Rn Tina 
or, written as a continued fraction, 
de lea nee 
Bote Bala 
We can continue in this way, until finally we find as the whole resistance 
from A to earth, 
1 1 1 1 1 ei 
Rt ++ RO + tit Bett ran 
If the currents or potentials are required, it will be found best to attack 
the problem in a different manner. 


UO 


Let Vz, V;,, V,... be the potentials at the points A, H, #,..., then by | 
Ohm’s Law, ‘ 


the current from R_, to R= Ka = a 
Ls 
” ” ” & to dpnttes Va = Vesa 
1347 


» » » 4, through the fault = uh 
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Hence, by Kirchhoff’s first law, | 


Va-h Van 
Ts Ts41 R; ven 
a Vein oS a Ve (Re alee e411) +o iE Ny 


and from this and the system of similar equations, the potentials may be 
found. . 


If all the R’s are the same, and also all the r’s are the same, the equation 
reduces to a difference equation with constant coefficients. These conditions 
might arise approximately if the line were supported by a series of similar 
imperfect insulators at equal distances apart. The difference equation is in 
this case seen to be 


Van -Ve(24 5) + Na=0, 
and if we put 1+ oR = cosh a, 


the solution is known to be 
V,= Acosh s@ 4B sinh$a is.ccexse-atcessecees (280), 


in which A and B are constants which must be determined from the 
conditions at the ends of the line. For instance to express that the end B 
is to earth, we have V,,, = 0, and therefore 


A=—Btanh(n+1)a. 


III. Submarine cable imperfectly insulated. 


354. If we pass to the limiting case of an infinite number of faults, we 
have the analysis appropriate to a line from which there is leakage at every 
point. The conditions now contemplated may be supposed to be realised in 
a submarine cable in which, owing to the imperfection of the insulating 
sheath, the current leaks through to the sea at every point. 


The problem in this form can also be attacked by the methods of the 
infinitesimal calculus. Let V be the potential at a distance # along the 
cable, V now being regarded as a continuous function of « Let the 
resistance of the cable be supposed to be FR per unit length, then the re- 
sistance from # to « + da will be Rdx. The resistance of the insulation from 


a to + da, being inversely proportional to dx, may be supposed to be = : 


Let C be the current in the cable at the point x, so that the leak from 


the cable between the points w and w + dz is — © do. This leak is a current 
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which flows through a resistance - with a fall of potential V. Hence by 


Ohm’s Law, 


sis ye ns 


Also, the fall of potential along the cable from x to x +da is — a do, the 


current is C, and the resistance is Rdz. Hence by Ohm’s Law, 


da 


Eliminating C from equations (281) and (282), we find as the differential 
equation satisfied by V, 
ad (5 dV } ald 
dx\R dz] 8° 
If R and S have the same values at all points of the cable, the solution 


of this equation is € 5 
R Mes 
V=A cosh, / #5 + Bsinh 5% 


which is easily seen to be the limiting form assumed by equation (280). 


GENERATION OF HEAT IN CONDUCTORS. 
The Joule Effect. 


355. Let P, Q be any two points in a linear conductor, let Vp, Vo be 
the potentials at these points, R the resistance between them, and @ the 
current flowing from P to Q. Then, by Ohm’s Law, 


Vea Vo sition waregeieea eee. (288). 


In moving a single unit of electricity from Q@ to P an amount of work is 
done against the electric field equal to Vp—Vg. Hence when a unit of 
electricity passes from P to Q, there is work done on it by the electric field 
of amount Vp—Vg. The energy represented by the work shews itself in 
a heating of the conductor. 


The electron theory gives a simple explanation of the mechanism of this transforma- 
tion of energy. The electric forces do work on the electrons in driving them through the 
field. The total kinetic energy of the electrons can, as we have seen (§ 345 a), be regarded 
as made up of two parts, the energy of random motion and the energy of forward motion. 
The work done by the electric field goes directly towards increasing this second part of 
the kinetic energy of the electrons. But after a number of collisions the direction of the 
velocity of forward motion is completely changed, and the energy of this motion has 
become indistinguishable from the energy of the random motion of the electrons. Thus 
the collisions are continually transforming forward motion into random motion, or what 
is the same thing, into heat. 
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We are supposing that # units of electricity pass per unit time from 
ft to Q. Hence the work done by the electric field per unit time within the 
region PQ is «(Vp — VQ), and this again, by equation (283), is equal to Ra’. 

Thus in unit time, the heat generated in the section PQ of the con- 
ductor represents Rx* units of mechanical energy. Each unit of energy is 


ee : ; 
equal to 7 units of heat, where J is the “mechanical equivalent of heat.” 


Thus the number of heat-units developed in unit time in the conductor PQ 
will be 


It is important to notice that in this formula # and R are measured in 
electrostatic units. If the values of the resistance and current are given in 
practical units, we must transform to electrostatic units before using formula 
(284). 

Let the resistance of a conductor be #’ ohms, and let the current flowing through it 


be 2 ampéres. Then, in electrostatic units, the values of the resistance & and the current 
w are given by 


R and =3 x 109. 


/ 
~9x 100 
Thus the number of heat-units produced per unit time is 
Rx? (3x 109)? 


SS ee es ae 
SO LOU. Be 
and on substituting for J its value 42 x 10’ in c.a.s.-centigrade units, this becomes 
0:24 R’7’2, 


Generation of Heat a minimum. 


356. In general the solution of any physical problem is arrived at by the 
solution of a system of equations, the number of these equations being equal 
to the number of unknown quantities in the problem. The condition that 
any function in which these unknown quantities enter as variables shall be a 
maximum or a minimum, is also arrived at by the solution of an equal 
number of equations. If it is possible to discover a function of the unknown 
quantities such that the two systems of equations become identical,—ze. if 
the equations which express that the function is a maximum or a minimum 
are the same as those which contain the solution of the physical problem— 
then we may say that the solution of the problem is contained in the single 
statement that the function in question is a maximum or a minimum. 


Examples of functions which serve this purpose are not hard to find. In 
§ 189, we proved that when an electrostatic system is in equilibrium, its 
potential energy is a minimum. Thus the solution of any electrostatic 
problem is contained in the single statement that the function which 


a 21 
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expresses the potential energy is a minimum. Again, the solution a any 
dynamical problem is contained in the statement that the “action” is a 
minimum, while in thermodynamics the equilibrium state of any system 
can be expressed by the condition that the “entropy” shall be a maximum. 
It will now be shewn that the function which expresses the total rate of 
generation of heat plays a similar réle in the theory of steady electric 
currents, 


357. THrorEM. When a steady current flows through a network of 
conductors in which no discontinuities of potential occur (and which, therefore, 
contains no batteries), the currents are distributed in such a way that the rate of 
generation of heat in the network is a minimum, subject only to the conditions 
imposed by Kirchhoff’s first law; and conversely. 


To prove this, let us select any closed circuit PQR ... P in the network, 
and let the currents and resistances in the sections PQ, QR, ... be am, a, ... 
and R,, R,,..... Let the currents and resistances in those sections of the net- 
work which are not included in this closed circuit be denoted by a, 2; .«.. 
and R,, Ry,.... Then the total rate of production of heat is 


Det Re fade ces etc oees corer (285). 


A different arrangement of currents, and one moreover which does not 
violate Kirchhoff’s first law, can be obtained in imagination by supposing all 
the currents in the circuit PQR ... P increased by the same amount «. The 
total rate of production of heat is now 


Dale tae eh 2h, (a, ot: e)%, 
and this exceeds the actual rate of production of heat, as given by expression 
(285), by ” 
Dy ( Qaoe t €3) Lisiot, Ande eBid (286). 


Now if the original distribution of currents is that which actually occurs 
in nature, then 
ere 2, =0, 
by Kirchhoff’s second law. Thus the rate of production of heat, under the 
new imaginary distribution of currents, exceeds that in the actual distribu- 
tion by ¢*2A,, an essentially positive quantity. 


The most general alteration which can be supposed made to the original 
system of currents, consistently with Kirchhoff’s first law remaining satisfied, 
will consist in superposing upon this system a number of currents flowing 
in closed circuits in the network. One such current is typified by the 
current ¢, already discussed. If we have any number of such currents, the 
resulting increase in the rate of heat-production 


= ZR (at+ete te’+...%— TR v3, 
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where ¢, ¢’, e’,... are the additional currents flowing through the resistance 
f,. As before this expression 


=2>Ra(et+eéte’+...)+ ER (e+ +e’+...7 

= TR(etet+e’+...) 
by Kirchhoff’s second law. This is an essentially positive quantity, so that 
any alteration in the distribution of the currents increases the rate of heat- 


production. In other words, the original distribution was that in which the 
rate was a minimum. 


To prove the converse it is sufficient to notice that if the rate of heat- 
production is given to be a minimum, then expression (286) must vanish as 
far as the first power of e, so that we have 


Dhan, = 0, 


and of course similar equations for all other possible closed circuits. These, 
however, are known to be the equations which determine the actual dis- 
tribution. 


358. THEOREM. When a system of steady currents flows through a net- 
work of conductors of resistances R,, R., ..., containing batteries of electromotive 
forces E,, Ey, ..., the currents x, £,... are distributed in such a way that the 
Junction 

PBL ila 0 Tavs ea 1 SPB MNR SHOR eo (287) 
is @ minimum, subject to the conditions imposed by Kirchhoff’s first law; and 
conversely. 

As before, we can imagine the most general variation possible to consist 
of the superposition of small currents e¢, ¢’, e”,... flowing in closed circuits. 
The increase in the function (287) produced by this variation is 


TR[(@tete +... —a7]-22H [(etete+...)—a] 
=2e.({ Ra — LL) + 2c’ (...) +.. 
ote Dv ie Etse agli... iba nibs nities matt tetas (288). 
If the system of currents 2, w’,... is the natural system, then the first line 
of this expression vanishes by Kirchhoff’s second law (cf. equations (270)), 
and the increase in heat-production is the essentially positive quantity 
DR(et e+...) 
shewing that the original value of function (287) must have been a minimum. 
Conversely, if the original value of function (287) was given to be a 
minimum, then expression (288) must vanish as far as first powers of ¢,¢’,..., 
so that we must have 


Ra = LE, ete., 


shewing that the currents @, a’, ... must be the natural system of currents. 
21—2 
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359. TurorEM. Jf two points A,B are connected by a network of con- 
ductors, a decrease in the resistance of any one of these conductors will decrease 
(or, in special cases, leave unaltered) the equivalent resistance from A to B. 


Let x be the current flowing from A to B, R the equivalent resistance of 
the network, and V,—V, the fall of potential. The generation of heat per 
unit time represents the energy set free by # units moving through a 
potential-difference V,—V;. Thus the rate of generation of heat is 


or, since V, — V; = Ra, the rate of generation of heat will be Ra’. 


Let the resistance of any single conductor in the network be supposed 
decreased from R, to R,’, and let x, be the current originally flowing through 
the network. If we imagine the currents to remain unaltered in spite of the 
change in the resistance of this conductor, then there will be a decrease in 
the rate of heat-production equal to (R, — Ry’). The currents now flowing 
are not the natural currents, but if we allow the current entering the network 
to distribute itself in the natural way, there is, by § 357, a further decrease 
in the rate of heat-production. Thus a decrease in the resistance of the 
single conductor has resulted in a decrease in the natural rate of heat- 
production. 


If R, FR’ are the equivalent resistances before and after the change, the 
two rates of heat-production are Ra? and R’a. We have proved that 
R's < Ra’, so that R’< R, proving the theorem. 


GENERAL THEORY OF A NETWORK. 


360. In addition to depending on the resistances of the conductors, the 
flow of currents through a network depends on the order in which the con- 
ductors are connected together, but not on the geometrical shapes, positions 
or distances of the conductors. Thus we can obtain the most general case of 
flow through any network by considering a number of points 1, 2, ... n, con- 
nected in pairs by conductors of general resistances which may be denoted by 
Fy, Aes, .... If, in any special problem, any two points P, Q are not joined 
by a conductor, we must simply suppose Rp, to be infinite. Discontinuities 
of potential must not be excluded, so we shall suppose that in passing through 
the conductor PQ, we pass over discontinuities of algebraic sum Zp 9. . This 
is the same as supposing that there are batteries in the arm PQ of total 
electromotive force Hpg. We shall suppose that the current flowing in PQ 


from P to Q is # pg, and shall denote the potentials at the points 1, 2,... by 


The total fall of potential from P to Q is Ve— Vo, but of this an amount 
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—E PQ is contributed by discontinuities, so that the aggregate fall from P to 
Q which arises from the steady potential gradient in conductors will be 


Vp en Vo + Eng: 
Hence, by Ohm’s Law, 
| Vp— Vot Epg= Rpg tpg. 


If we introduce a symbol Kp, to denote the conductivity ai we have 
PQ 


the current given by 
Lpg=Kpg (Ve—V ap Eng) Pe ceeeeccosescesccess (289). 


Suppose that currents X,, X.,... enter the system from outside at the 
points 1, 2, ..., then we must have 


Xy = By + Mgt Myt..., 
since there is to be no accumulation of electricity at the point 1, and so on 
for the points 2, 3, .... Substituting from equations (289) into the right 
hand of this equation, 
Xx, a Ky (V, = K+ Ey») Ks (K- V+ Es) tase 
= Vi (Ku + Kus + ««-) 
— (Ki.Ve + KiVe+ ...) + Kye Bie + Kyg big oc. sceeeeseeees (290). 


The symbol Kpp has so far had no meaning assigned to it. Let us use it © 
to denote —(Kp,+ Kp.+ Kp;+...); then equation (290) may be written in 
the more concise form 


X,=—(KnVit+ KyVe +...) + KE + Kas Bygt vee veces (291). 


There are n equations of this type, but it is easily seen that they are not 
all independent. For if we add corresponding members we obtain 


Xi t+ Xyt+...4+ Xn =— TV (Ky t Ket... + Kin) + DZ (Kpo Hg + KopL op). 
1 


The first term on the right vanishes on account of the meaning which has been 
assigned to Ky, etc.; while the second term vanishes because Hpg=— Hop, 
while Kpg= Kop. Thus the equation reduces to 


Ky t+ Xgt+... + Xn =, 


which simply expresses that the total flow into the network is equal to the 
total flow out of it, a condition which must be satisfied by X,, Xo, ... Xp at 
the outset. Thus we arrive at the conclusion that the equations of system 
(291) are not independent. 


This is as it should be, for if the equations were independent, we should have 
m equations from which it would be possible to determine the values of V;, Vo, ... in 
terms of X,, X, ...3; whereas clearly from a knowledge of the currents entering the 
network, we must be able to determine differences of potential only, and not absolute 


values. 
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To the right-hand side of equation (291), let us add the expression 
(Ky + Kuyt... + Kin) Ins 
of which the value is zero by the definition of Ky. The equation becomes 
Kn (K- 1) UE Ky (Z- 4) aes ts Kina (Via = V,) 
=—X,+ Kyat Ky Ly3+ coe Kin Fin. 

There are n equations of this type in all. Of these the first (n — 1) may 

be regarded as a system of equations determining 
K-Ta, Vi- Vay +0 Vana — Nae 


That these equations are independent will be seen @ posteriori from the fact 
that they enable us to determine the values of the n—1. independent 
quantities 


K- Ve h-hh; Oe) Va-1— Vn 


Solving these equations, we have 


V- vn . 
—-X, +Ky»Fy +... + KinE wn, Ky, Ky, inst Dea ged | 
—-X, + Kaka + 0. + Kon Hons Ku, Ks, Fees ain a 


POE PE PCH E HERE ee EERE HEEOOH EE EOH EEE EO EHHS EE ESO EOCH HOHE EHH HHH HEHEHE ETH OEH OES OH EOE HEHEHE EREH OER 


Ky, Ky, Ks, CA AOX) Kina 


eee ee ee ee ey 


Ge Ess nies ceey TaN ae 


The current flowing in conductor 1n follows at once from equation (289), 
and the currents in the other conductors can be written down from 
symmetry. 


If we denote the determinant in the denominator of the foregoing 
equation by A, and the minor of the term Kp, by Apg, we find that the 
value of K—V, can be expressed in the form 


U-th= (-X,4+ Kabat... + EinEw) 2 


A 
+ (-Xa + Ky Bat 1+ Kin Bin) 2+ es sesssees (292), 


361. Suppose first that the whole system of currents in the network is 
produced by a current X entering at P and leaving at Q, there being no 
batteries in the network. Then all the Z’s vanish, and all the X’s vanish 
except Xp and XQ, these being given by 


XPS Xo= X, 
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Equation (292) now becomes 


A A 
ba resucasus 
xX 
a a (Aa 7. Ap), 
so that ¥-h=(%-h)-(U-h) 
xX 
=F (Ba — Agr — Aer t+ Apa) scosesesesenseesesees (298). 


Replacing 1, 2 by P, Q and P, Q by 1, 2, we find that if a current X 
enters the network at 1 and leaves it at 2, the fall of potential from P 
to @ is 


x 
Ve — Vo = (Aap — Ang Arp + Aig) ssseesseeseeen (294), 


and since A,,=A,,, it is clear that the right-hand members of equations 
(293) and (294) are identical. 


From this we have the theorem: 

The potential-fall from A to B when’ unit current traverses the network 
from C to D is the same as the potential-fall from C to D when unit current 
' traverses the network from A to B. 


362. Let it now be supposed that the whole flow of current in the 
network is produced by a battery of electromotive force # placed in the 
conductor PQ. We now take all the X’s equal to zero in equation (292) 
and all the £’s equal to zero except Hp, which we put equal to H, and 
Eyp which we put equal to —H#. We then have 


a A 
Y- y= = Kok. PQ ot ait Kop gp ofa 
_ Krol 
i (An a Aq). 
E 
Hence %=-K= a (Ap, — Ap, — Ag + DMN og oA svasdl 200), 


and, by equation (289), the current flowing in the arm 12 is 


ee ee, a. Ne aeek Aa -e Aq) Mia teie eialavaisteleveis/eve (296). 


This expression remains unaltered if we replace 1, 2 by P, Q and P, @ by 
1,2. From this we deduce the theorem: 

The current which flows from A to B when an electromotive force H is 
introduced into the arm CD of the network, is equal to the current which flows 
from C to D when the same electromotive force is introduced wto the 
arm AB. 
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Conjugate Conductors. 
363. The same expression occurs as a factor in the right-hand members 
of each of the equations (293), (294), (295), and (296), namely, 
Apr + Ag — Ag = Apy ercsescscescssecconccees (297). 
If this expression vanishes, the two conductors 12 and P@ are said to be 
“conjugate.” 
By examining the form assumed by equations (293) to (296), when 
expression (297) vanishes, we obtain the following theorems. 


THEOREM I. Jf the conductors AB and CD are conjugate, a current 
entering at A and leaving at B will produce no current in CD. Similarly, 
a current entering at C and leaving at D will produce no current in AB. 


THEOREM II. Jf the conductors AB and CD are conjugate, a battery 
introduced into the arm AB produces no current in CD. Similarly, a battery 
introduced into the arm CD produces no current in AB. 


As an illustration of two conductors which are conjugate, it may be 
noticed that when the Wheatstone’s Bridge (§ 352) is in adjustment, the 
conductors AD and BC are conjugate. 


Equations expressed in Symmetrical Form. 


364. The determinant A is not in form a symmetric function of the 
nm points 1, 2, ..., n, so that equations and conditions which must necessarily 
involve these n points symmetrically have not yet been expressed in 
symmetrical form. 

We have, for instance, 


Ay; = Ka, Ka, Ku, Ks, eee) Kuna ’ 


PRPC RCO ES THe OeH EHO ETE H HEHE SET HSEH EE ESET OTOSH OEE SED EOS EEEES 


Ky aay iC eas Ky-1,5; OUOs) Eee 
in which the points which enter unsymmetrically are not only 1 and 8, but 
also n. Similarly, we have 


Ay=— cos 16% Ks, Kas sees Raney ? 
Ke Ky; Ks, ss eer, K; n—1 


IGS TGs, TG ass Kn,ss see, Kens 
so that, on subtraction, 
Ai; — Ay= Ka, Ku, K+ Ku, Ks, eer, K, n—1 


it ee eee eee ee ee ey 


= 
Kes Ka=i25 Knays + Knaie Kos eee) TG n—1 
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From the relation 
Kp + Kyo + «6 + Kp nat Kpn +0 =, PPP ae (298), 


it follows that the sum of all the terms in the first row of the above deter- 
minant is equal to — Ky, the sum of all the terms in the second row is equal 
to — K3n, and so on. Thus the equation may be replaced by 
A,; — Ay=(— Ly Ka, Kn, Kos, eee, Kin, Kan ? 
Ka, in Ks, C3 Ki K, n 


COCO H Roms D eee eee eeeeer sar eeeeeeeEDSOESE eee eseseseeseseseyes 


Tits Tiers Js ¢aue In: Oe) dr Sa § Were 
and similarly, 


As — Ay= (- i ee: Ky, Kin; Ks, eee, K, n 


New nasa; Ges és OO) Kaas 
These two determinants differ only in their first row, so that on sub- 


traction, 


(Ais — Ay) — (Acs — Ary) 
=(— 1)" Ky+ Ka, Ky+ Kn, Ky + Eos, eee, Kint Kon ; 


Ka, Ka, Ks; eleie'y Kan 
Pee e eee eee ene eer eee eee eens se cess sees ee seseesesesessenseeesese 
Koay Ky o,s; IG a ? ees 

age Ka, Kx, Kos, b) Ksn 


Coe sere eee es eeH HEEFT ES ETHEL SHOES HEED EEHES 


ee Pets y ora ges ee VMs Ssanonce Rica mei 
Kay, Tas Kays; OCs} en 
the last transformation being effected by the use of relation (298). 


The relation which has now been obtained is in a symmetrical shape. If 
D is a symmetrical determinant given by 
De | ka, Bu, Ky, --, Kin ? 
Ka, Ku, Ka, sisiels Kan 


Cee reese eeeooeree sees eeeeoseseseone 


Kn, Kn, Kass ++ Knyn 
then the determinant on the right-hand of equation (299) is obtained from 
D by striking out the lines and columns which contain the terms K,; and K.,. 
Thus equation (299) may be written in the form 


oD 
Aut Au— An — Au= sar: 
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Again the determinant A given by 
A — Kas an. Rs, evry Kenea 
Kn, Ka ey eors EGS (300) 


e@ecoocase 
Peewee esesorese ooesee seers sSOGFEHETFHOHsoseer res 


GS Kass Kn-,s visio’ Kaan 


may be written in the form 


This is not of symmetrical form, for the point n enters unsymmetrically. 
We can, however, easily shew that the value of A is symmetrical, although its 
form is unsymmetrical. 


By application of relation (298), we can transform equation (300) into 


A= — Kan, — Kn», — Kns; eee, — Kana 
Ka; Ku, Ks, JOS} i n—1 


eRe eee ee ee ee ee ee eo ee ee | 


Ke 435 Kania Ko4,35 eee, es n—1 
=(—1)""| Ka, Ka, Kx, Seo en 


Poem ewer eer ees e esses ee esesescescceseressseeses 
GE LOR, NG 55 GOOD ona 


Cee meres er sere OOS TeTaEtEtereeseseesseseeeesesene 


TGs Lem (Ue ORO.) Yipee IG 
Kee . VG 3» ee UO see Ge 


Thus A is the differential coefficient of D with respect to either K,, or 
Kn,n, or of course with respect to any other one of the terms in the leading 
diagonal of D. Thus, if K denote any term in the leading diagonal of D, 
we have 
ay 
=aq° 


and this virtually expresses A in a symmetrical form. 


A 


We can now express in symmetrical form the relations which have been 
obtained in § 360 to 362, as follows: 


I. (§ 862.) The conductors 1, 2 and P, Q will be conjugate if 
oD 


SGU 1 oe 
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II. (Equation 293.) If the conductors 1, 2 and P, Q are not conjugate, 
a current X entering at P and leaving at Q produces in 1, 2 a fall of 
potential given by 

oD 
OK, p0Kag 

i 

OK 


KY-h=-X 


III. (Equation 295.) If the conductors 1,2 and P, Q are not conjugate, 
a battery of electromotive force E placed in the arm PQ produces in 1,2 a fall 
of potential given by 


oD 
Vi- Wx Kpg Barna 

ok 

and a current from 1 to 2 given by 

oD 
ae KuKpg Gia) pO Kae 
XL. = oD J 

oK 


All these results and formule obtain illustration in the results already 
obtained for the Wheatstone’s Bridge in §§ 351 and 352. 


SLOWLY-VARYING CURRENTS. 


365. All the analysis of the present chapter has proceeded upon the 
assumption that the currents are absolutely steady, shewing no variation 
with the time. Changes in the strength of electric currents are in general 
accompanied by a series of phenomena, which may be spoken of as 
“induction phenomena,” of which the discussion is beyond the scope of the 
present chapter. If, however, the rate of change of the strength of the 
currents is very small, the importance of the induction phenomena also 
becomes very small, so that if the variation of the currents is slow, the 
analysis of the present chapter will give a close approximation to the truth. 
This method of dealing with slowly-varying currents will be illustrated by 
two examples. 


I. Discharge of a Condenser through a high Resistance. 


366. Let the two plates A, B of a condenser of capacity C be connected 
by a conductor of high resistance R, and let the condenser be discharged by 
leakage through this conductor. At any instant let the potentials of the two 
plates be V,, Vz, so that the charges on these plates will be + C(V,— Vp). 
Let 7 be the current in the conductor, measured in the direction from A to B, 
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Then, by Ohm’s Law, 
V, — Vg= Ru, 


whence we find that the charges on plates A and B are respectively + CR 
and —CRi. Since i units leave plate A per unit time, we must have 


- 


d : , 
dt (CR2) SS 


a differential equation of which the solution is 
wet 
q=ie CF, 
where 7 is the current at time £=0. The condition that the strength of 
the current shall only vary slowly is now seen @ posteriori to be that CR 
shall be large. 


At time ¢ the charge on the plate A is CA or 


t 
CRi,e CR, 
This may be written as 
t 
Qe CR ) 
where Q, is the charge at time ¢=0. Thus both the charge and the current 


are seen to fall off exponentially with the time, both having the same modulus 
of decay CR. 


Later (§ 516) we shall examine the same problem but without the limita- 
tion that the current only varies slowly. 


II. Transmission of Signals along a Cable. 


367. It has already been mentioned that a cable acts as an electrostatic 
condenser of considerable capacity. This fact retards the transmission of 
signals, and in a cable of high-capacity, the rate of transmission may be so 
slow that the analysis of the present chapter can be used without serious 
error. 


Let a be a coordinate which measures distances along the cable, let V, i 
be the potential at # and the current in the direction of z-increasing, and let 
K and R& be the capacity and resistance of the cable per unit length, these 
latter quantities being supposed independent of 2. 


The section of the cable between points A and B at distances w and 
«+d is a condenser of capacity Kd, and is at the same time a conductor 
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of resistance Rd#, The potential of the condenser is JV; so that its charge is 
VKd«. The fall of potential in the conductor is 


1,-Te=— 5 de, 
so that by Ohm’s Law, 
OV : 
ing CEERI ERO em eee die sions (801). 


The current enters the section AB at a rate 7 units per unit time, and 


leaves at a rate of ¢+ 2 da units per unit time. Hence the charge in this 


é On Fig 
section decreases at a rate = da per unit time, so that we must have 


a) Ch 
Ot (VE dz) =— ape CB ae aes tr SA ay RS (302). 
Eliminating ¢ from equations (301) and (802), we obtain © 
eV oV : 
On = KR OE Cee cer evenesvccecerccrsvoeces (303). 


368. This equation, being a partial differential equation of the second 
order, must have two arbitrary functions in its complete solution. We shall 
shew, however, that there is a particular solution in which V is a function of 
the single variable #/,/t, and this solution will be found to give us all the 
information we require. 

Let us introduce the new variable u, given by u=2/,t, and let us assume 
provisionally that there is a solution V of equation (803) which is a function — 
of u only. For this solution we must have 

Ve Lid V 
Oa? t du?’ 
oV_ dV ou Pes 


Ot dude */8 dw’ 


av aw aVv 
aa 7 tKB( Le aa) 
aV 
=>— 4K Ru ae ADO OODUDODOD OOOO UOMO CTAWIOG (304), 


The fact that this equation involves V and u only, shews that there is an 
integral of the original equation for which V is a function of u only. This 
integral is easily obtained, for equation (304) can be put in the form 


d dV 
ge ag) 


dV _ nt eRe 
whence aa Ce : 


in which C is a constant of integration. 
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Integrating this, we find that the solution for V is 
V= of ee du, 


in which the lower limit to the integral is a second constant of integration. 
Introducing a new variable y such that y°=4KRu*, and changing the 
constants of integration, we may write the solution in the form 


=h2NERjt 
V=V+0! [. a Vidya eee (305). 


369. We must remember that this is not the general solution of equa- 
tion (303), but is simply one particular solution. Thus the solution cannot 
be adjusted to satisfy any initial and boundary conditions we please, but will 
represent only the solution corresponding to one definite set of initial and 
boundary conditions. We now proceed to examine what these conditions are. 


At time t=0, the value of x/)/t is infinite except at the point #=0. 
Thus except at this point, we have V=K when t=0. At this point the 
value of w/,/t is indeterminate at the actual instant ¢=0, but immediately 
after this instant assumes the value zero, which it retains through all time. 
Thus at #=0, the potential has the constant value 


V=VK+ of eYady, 
or, say, V=¥,, where O’= Hea), 


At w=o0, the value of V is V=Y, through all time. 


Thus equation (805) expresses the solution for a line of infinite length 
which is initially at potential V=V, and of which the end =o remains at 
this potential all the time, while the end z=0 is raised to potential Yi by 
being suddenly connected to a battery-terminal at the instant ¢=0. 


The current at any instant is given by 
1oV 


j= oi Am? from equation (301), 
KRa? 
eg yes ect , from equation (805), 
_ KR 
== (K —_ V) Veo (Z AG scerwlalejajainicio eine einsieieciteisisietttrie aise: (306). 


We see that the current vanishes only when ¢=0 and when t= 
Thus even within an infinitesimal time of making contact, there will, 
according to equation (306), be a current at all points along the wire. It 
must, however, be remembered that equation (806) is only an approxima- 
tion, holding solely for slowly-varying currents, so that we must not apply 
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the solution at the instant ¢=0 at which the currents, as given by equation 
(306), vary with infinite rapidity. For larger values of t, however, we may 
suppose the current given by equation (306). 


The maximum current at any point is found, on differentiating equation 
(306), to occur at the instant given by 


(SPR Ra. cee. v Naat wae (SOT 


so that the further along the wire we go, the longer it takes for the current 
to attain its maximum value. The maximum value of this current, when it 
occurs, is 


Ba 
UPA aan ty 3 oe a AE (308), 


and so is proportional to 2 Thus the further we go from the end #=0, the 


smaller the maximum current will be. 


We notice that K occurs in expression (307) but not in (808). Thus the 
electrostatic capacity of a cable will not interfere with the strength of signals 
sent along a cable, but will interfere with the rapidity of their transmission. 


Equation (307) expresses what is commonly called the “KR law”—the 
retarding effect is proportional to the product of K and R. The theory just 
developed is commonly spoken of as the Electrostatic Theory of propagation 
of signals. It was first given by Lord Kelvin in 1855 in a paper* which is 
notable as having established the theoretical feasibility of an Atlantic cable. 

We shall discuss in a later chapter the more general problem of the trans- 
mission of signals along a wire of any kind. It will then be possible to 
estimate the degree of error involved in the simple assumptions of the 
Electrostatic Theory. 


EXAMPLES. 


1. A length 4a of uniform wire is bent into the form of a square, and the opposite 
angular points are joined with straight pieces of the same wire, which are in contact 
at their intersection. A given current enters at the intersection of the diagonals and 
leaves at an angular point: find the current strength in the various parts of the network, 
and shew that its whole resistance is equal to that of a length 


a2 
QV/2+1 


of the wire. 

2. A network is formed of uniform wire in the shape of a rectangle of sides 2a, 3a, 
with parallel wires arranged so as to divide the internal space into six squares of sides a, 
the contact at points of intersection being perfect. Shew that if a current enter the 
framework by one corner and leave it by the opposite, the resistance is equivalent to that 
of a length 121a/69 of the wire. 


* «On the Theory of the Electric Telegraph,” Proc, Roy. Soc. 1855. 
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3. A fault of given earth-resistance develops in a telegraph line. Prove that the 
current at the receiving end, generated by an assigned battery at the signalling end, is 
least when the fault is at the middle of the line. 


4. The resistances of three wires BC, CA, AB, of the same uniform section and 
material, are a, 6, c respectively, Another wire from A of constant resistance d can make 
a sliding contact with BC. If a current enter at A and leave at the point of contact 
with BC, shew that the maximum resistance of the network is 

(at+b+e)d 
a+b+c+4d’ 


and determine the least resistance. 


5. A certain kind of cell has a resistance of 10 ohms and an electromotive force of 
‘85 of a volt. Shew that the greatest current which can be produced in a wire whose 
resistance is 22°5 ohms, by a battery of five such cells arranged in a single series, of 
which any element is either one cell or a set of cells in parallel, is exactly ‘06 of an 
ampere. 


6. Six points A, A’, B, B’, C, C’ are connected to one another by copper wire whose 
lengths in yards are as follows: AA’=16, BC=B'C=1, BC'=B'C'=2, AB=A'B'=6, 
AC'=A'0’=8. Also B and B’ are joined by wires, each a yard in length, to the terminals 
of a battery whose internal resistance is equal to that of r yards of the wire, and all the 
wires are of the same thickness. Shew that the current in the wire AA’ is equal to that 
which the battery would maintain in a simple circuit consisting of 31r+104 yards of 
the wire. = 


7. Two places A, B are connected by a telegraph line of which the end at A is 
connected to one terminal of a battery, and the end at B to one terminal of a receiver, 
the other terminals of the battery and receiver being connected to earth. Ata point C 
of the line a fault is developed, of which the resistance isr. If the resistances of AC, CB 
be p, g respectively, shew that the current in the receiver is diminished in the ratio 


r(p+q) :qr+rp+pq, 
the resistances of the battery, receiver and earth circuit being neglected. 


8. Two cells of electromotive forces e,, ¢, and resistances 7, rz are connected in 
parallel to the ends of a wire of resistance 2. Shew that the current in the wire is 
Q1%9 + C59") 
rh + rol +7" : 
and find the rates at which the cells are working. 


9. A network of conductors is in the form of a tetrahedron PQRS; there is a battery 
of electromotive force H in, PQ, and the resistance of PQ, including the battery, is ZR. 
If the resistances in Qt, RP are each equal to r, and the resistances in PS, RS are each 
equal to 47, and that in @S=2r, find the current in each branch. 


10. A, B, C, D are the four junction points of a Wheatstone’s Bridge, and the 
resistances ¢, f, 6, y in AB, BD, AC, CD respectively are such that the battery sends no 
current through the galvanometer in BC. If now a new battery of electromotive force 2 
be introduced into the galvanometer circuit, and so raise the total resistance in that 
circuit to a, find the current that will flow through the galvanometer. 


11. A cable AZ, 50 miles in length, is known to have one fault, and it is necessary to 
localise it. If the end A is attached to a battery, and has its potential maintained 
at 200 volts, while the other end B is insulated, it is found that the potential of B when 
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steady is 40 volts. Similarly when 4 is insulated the potential to which B must be raised 


to give A a steady potential of 40 volts is 300 volts. Shew that the distance of the fault 
from A is 19-05 miles, 


12. A wire is interpolated in a circuit of given resistance and electromotive force. 
Find the resistance of the interpolated wire in order that the rate of generation of heat 
may be a maximum, i 


13. The resistances of the opposite sides of a Wheatstone’s Bridge aré a, a’ and 6, b' 
respectively, Shew that when the two diagonals which contain the battery and galvano- 
meter are interchanged, 


EE _(a-a)(b-b)(G-R) 
c’ aa’ — bb’ 7 
where Cand C’ are the currents through the galvanometer in the two cases, G and RF are 
the resistances of the galvanometer and battery conductors, and Z the electromotive force 
of the battery. 


14, A current C is introduced into a network of linear conductors at A, and taken 
out at B, the heat generated being H,. If the network be closed by joining A, B bya 
resistance r in which an electromotive force # is inserted, the heat generated is H,. 
Prove that 


15. A number W of incandescent lamps, each of resistance 7, are fed by a machine of 
resistance # (including the leads). If the light emitted by any lamp is proportional to 
the square of the heat produced, prove that the most economical way of arranging the 
lamps is to place them in parallel arc, each arc containing m lamps, where n is the integer 
nearest to / NE/r. 


_ 16. A battery of electromotive force # and of resistance Bis connected with the two 
terminals of two wires arranged in parallel. The first wire includes a voltameter which 
contains discontinuities of potential such that a unit current passing through it for a 
unit time does p units of work, The resistance of the first wire, including the voltameter, 
is R: that of the second is r. Shew that if # is greater than p(6+7)/r, the current 
through the battery is ; 

E(R+r)—pr 
Lr+B(h+r)* 

17. A system of 30 conductors of equal resistance are connected in the same way as 
the edges of a dodecahedron. Shew that the resistance of the network between a pair of 
opposite corners is J of the resistance of a single conductor. 

18. In a network PA, PB, PC, PD, AB, BC, CD, DA, the resistances are a, B, y, 4, 
y+d, d+a,a+f, B+y respectively. Shew that, if AD contains a battery of electromotive 


force Z, the current in BC is 
P(aB+y 5). # 


2P?Q + (85 —-ay)?? 
where P=at+Bt+y+d, Q=Byt+yata8+ad+Pd+y8. 
19. A wire forms a regular hexagon and the angular points are joined to the centre 
by wires each of which has a resistance « of the resistance of a side of the hexagon. 
Shew that the resistance to a current entering at one angular point of the hexagon and 


ing it by th osite point is 
leaving it by the opp Pp 2 (n+3) 


(1+1) (n+4) 
times the resistance of a side of the hexagon. 


J. 22 
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20. Two long equal parallel wires AB, A’B’, of length /, have their ends B, B’ joined 
by a wire of negligible resistance, while A, A’ are joined to the poles of a cell whose 
resistance is equal to that of a length r of the wire. A similar cell is placed as a bridge 
across the wires at a distance w from A, A’. Shew that the effect of the second cell is to 
increase the current in BB’ in the ratio 

2 (2l-+r) (a+r)/[{r (40-+1r) + 2a (21-1) — 4a}. 


21. There are n points 1, 2,... 2, joined in pairs by linear conductors. On introducing 
a current C at electrode 1 and taking it out at 2, the potentials of these are Vj, Vo, ..- Vn- 
If 25 is the actual current in the direction 12, and a,' any other that merely satisfies the 
conditions of introduction at 1 and abstraction at 2, shew that 


3 ("2%12%12)=(Vi-— Vo) C= (r12%12"); 
and interpret the result physically. 


If w typify the actual current when the current enters at 1 and leaves at 2, and y 
typify the actual current when the current enters at 3 and leaves at 4, shew that 


> (M2012 412) =(X3— X4) C=( V1 — Po) C, 
where the X’s are potentials corresponding to currents 2, and the Y’s are potentials 
corresponding to currents y. 


22. A, B, Care three stations on the same telegraph wire. An operator at A knows 
that there is a fault between A and B, and observes that the current at A when he uses a 
given battery is 7,7’ or 7”, according as B is insulated and C to earth, B to earth, or B 
and C both insulated. Shew that the distance of the fault from A is 


{ka —h'b-+(b— a) (ka - W’b)B}/(k—2), 


where AB=a, BC=b-a, kas, 


K=>—; 
q ’ RD TO 


23. Six conductors join four points A, B, C, D in pairs, and have resistances 
a, a, b, B, ¢, y, where a, a refer to BC, AD respectively, and so on. If this network 
be used as a resistance coil, with A, B as electrodes, shew that the resistance cannot 
lie outside the limits 


le+acptasa) om@(Z+{(G+3) + G+5) t | - 


24. Two equal straight pieces of wire ApAn, BoB, are each divided into n equal parts 
at the points 4,...d,-; and B,...B,_; respectively, the resistance of each part and 
that of A,B, being &. The corresponding points of each wire from 1 to m inclusive 
are joined by cross wires, and a battery is placed in 4jB). Shew that, if the current 
through each cross wire is the same, the resistance of the cross wire 4,B, is 

{(n—s)?+(n—s)+1} R. 


25. If n points are joined two and two by wires of equal resistance 7, and two of 
them are connected to the electrodes of a battery of electromotive force EZ and resistance 
ft, shew that the current in the wire joining the two points is 

2E 
Qr+nk° ~ 


26. Six points A, B, C, D, P, Q are joined by nine conductors AB, AP, BC, BQ, Pa, 
QC, PD, DC, AD. An electromotive force is inserted in the conductor AD, and a 


galvanometer in PQ. Denoting the resistance of any conductor YY by ryy, shew that 
if no current passes through the galvanometer, 


("go+Betcq) ("4B7DP —"4P"D0) +" Bo (*BQTDP—"4PTcQ) =O. 
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27. A network is made by joining the five points 1, 2, 3, 4, 5 by conductors in every 
possible way. Shew that the condition that conductors 23 and 14 are conjugate is 


(Kis+ Kos + K35+ Kas) (Kio Moa — Ky3 Ko) 
= Kop (KoslKi3— KoiKys) + Kos (Ko Ko1 — KeaK2), 
where X,, is conductivity of conductor rs. 


28. Two endless wires are each divided into mn equal parts by the successive 
terminals of mn connecting wires, the resistance of each part being &. There is an 
identically similar battery in every mth connecting wire, the total resistance of each 
being the same, and the resistance of each of the other mn—n connecting wires is A. 
Prove that the current through a connecting wire which is the rth from the nearest 
battery is 

$0 (1— tan a) (tan”a+tan™~* a)/(tan a—tan™ a), 


where C is the current through each battery, and sin 2a=h/(h+R). 


29. A long line of telegraph wire 4A,d_...A,4dn41 is supported by nm equidistant 
insulators at A,, 42,...4,. The end A is connected to one pole of a battery of electro- 
motive force # and resistance B, and the other pole of this battery is put to earth, as 
also the other end A,,, of the wire. The resistance of each portion AA, A;Agq,... 
A,An+1 is the same, &. In wet weather there is a leakage to earth at each insulator, 
whose resistance may be taken equal to 7, Shew that the current strength in 4,4p,1 is 


E cosh (2n—2+1) a 
Bcosh (2n+1)a+/ Rr sinh (2n+42) a? 


where 2sinha=VR/r. 


30. A regular polygon 4,4,...A, is formed of m pieces of uniform wire, each of 
resistance o, and the centre O is joined to each angular point by a straight piece of the 
same wire. Shew that, if the point 0 is maintained at zero potential, and the point A, 
at potential V, the current that flows in the conductor 4,A,,; is 

2V sinh asinh(n—27+1)a 
a cosh na ; 
where a is given by the equation 


cosh Ja=1 +sin=. 


31. A resistance network is constructed of 2m rectangular meshes forming a truncated 
cylinder of 2n faces, with two ends each in the form of a regular polygon of 2m sides. 
Each of these sides is of resistance 7, and the other edges of resistance #. If the 
electrodes be two opposite corners, then the resistance is 


tanh 6 
qnr+3h tanh 26? 


eye 
where sinh? 6 aR* 


32. A network is formed by a system of conductors joining every pair of a set of 
n points, the resistances of the conductors being all equal, and there is an electromotive 
force in the conductor joining the points A,, 42. Shew that there is no current in any 
conductor except those which pass through A, or Ag, and find the current in these 


conductors. 
22—2 
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83. Each member of the series of n points 4,, Ae,...4n is united to its successor 
by a wire of resistance p, and similarly for the series of m points B,, Bo,.-. By. Each 
pair of points corresponding in the two series, such as A, and B,, is united by a wire 
of resistance 2. A steady current ¢ enters the network at A; and leaves it at B,. Shew 
that the current at A, divides itself between A,A, and A,B, in the ratio 


sinh a+sinh (n—1)a+sinh (n—2) a : sinh a+sinh (x —1)a—sinh (n—2) a, 


where cosh a= os p : 


34. An underground cable of length @ is badly insulated so that it has faults 
throughout its length indefinitely near to one another and uniformly distributed. The 
conductivity of the faults is 1/p’ per unit length of cable, and the resistance of the 
cable is p per unit length, One pole of a battery is connected to one end of a cable 
and the other pole is earthed. Prove that the current at the farther end is the same 
as if the cable were free from faults and of total resistance 


alopt aint (« rie 2) 


35. Two parallel conducting wires at unit distance are connected by n+1 cross pieces 
of the same wire, so as to form m squares. A current enters by an outer corner of the 
first square, and leaves by the diagonally opposite corner of the last. Shew that, if 
the resistance is that of a length 4n+a, of the wire, 


an +4 
Gy t+2° 


an +1= 


36. A, B are the ends of a long telegraph wire with a number of faults, and C is 
an intermediate point on the wire. The resistance to a current sent from A is 2 when 
C is earth connected, but if C is not earth connected the resistance is S or 7 according 
as the end B is to earth or insulated. If 2’, 8’, 7’ denote the resistances under similar 
circumstances when a current is sent from B towards A, shew that 


T"(k-S)=h' (A- 7), 


37. The inner plates of two condensers of capacities C, C’ are joined by wires of 
resistances f, #’ to a point P, and their outer plates by wires of negligible resistance 
to a point . If the inner plates be also connected through a galvanometer, shew that 
the needle will suffer no sudden deflection on joining P, Q to the poles of a battery, 
if CR=C'R’. 


38. An infinite cable of capacity and resistance X and & per unit length is at zero 
potential, At the instant ¢=0 one end is suddenly connected to a battery for an 
infinitesimal interval and then insulated. Shew that, except for very small values of ty 
the potential at any instant at a distance x from this end of the cable will be pro- 
portional to 


CHAPTER X 
STEADY CURRENTS IN CONTINUOUS MEDIA 


Components of Current. 


370. IN the present chapter we shall consider steady currents of elec- 
tricity flowing through continuous two- and three-dimensional conductors 
instead of through systems of linear conductors. 


We can find the direction of flow at any point P in a conductor by 
imagining that-we take a small plane of area dS and turn it about at the 
point P until we find the position in which the amount of electricity crossing 
it per unit time is a maximum. The normal to the plane when in this 
position will give the direction of the current at P, and if the total amount 
of electricity crossing this plane per unit time when in this position is CdS, 
then C may be defined to be the strength of the current at P. 


If 1, m,n are the direction-cosines of the direction of the current at P, 
then the current C may be treated as the superposition of three currents 
IC, mC, nC parallel to the axes. To prove this we need only notice that the 
flow across an area dS of which the normal makes an angle @ with the direc- 
tion of the current, and has direction-cosines 1’, m’, n’, must be CdS cos 8, or 


CdS (ll’ + mm’ + nn’). 


The first term of this expression may be regarded as the contribution from 
a current JC parallel to the axis Oz, and so on. The quantities /C, m0, nC 
are called the components of the current at the point P, 


Innes and Tubes of Flow. 


371. DeriniTion. A line of flow is a line drawn in a conductor such 
that at every point its tangent is in the direction of the current at the point. 


DEFINITION. A tube of flow is a tubular region of infinitesimal cross- 
section, bounded by lines of flow. 
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It is clear that at every point on the surface of a tube of flow, the current 
is tangential to the surface. Thus no current crosses the boundary of a tube 
of flow, from which it follows that the aggregate current flowing across all 
cross-sections of a tube of flow will be the same. 


The amount of this current will be called the strength of the tube. 


Thus if @ is the current at any point of a tube of flow, and if o is the 
cross-section of the tube at that point, then Cw is constant throughout the 
length of the tube, and is equal to the strength of the tube. 


There is an obvious analogy between tubes of flow in current electricity and tubes 
of force in statical electricity, the current C corresponding to the polarisation P. 
In current electricity, Co is constant and equal to the strength of the tube of flow, 
while in statical electricity Po is constant and equal to the strength of the tube of force 


(§ 129). 


Specific Resistance. 


372. The specific resistance of a substance is defined to be the resistance 
of a cube of unit edge of the substance, the current entering by a perfectly 
conducting electrode which extends over the whole of one face, and leaving 
by a similar electrode on the opposite face. ; 

The specific resistances of some substances of which conductors and insulators are 


frequently made are given in the following table. The units are the centimetre and 
the ohm. 


Silver ... sae Gl SolOms, Dilute sulphuric acid (4; acid at 22°C.) 3:3. 
Copper as 1:64x 107% % © » (% acid at 22°C.) 16. 
Tron (soft) ... 9°83 x 10-8, Glass (at 200°C.) ... ia aD 2°27 x 107. 
aay (WHR REDY © ons 9:06 x 105% ann at 400n Cae lane. ee 50g 7°35 x 104 
Mercury po =) VOTE OSE, Guttapercha, about ... 6 sat 3x 101, 


If + is the specific resistance of any substance, the resistance of a wire 


of length / and cross-section s will clearly be LD, 
8 


Ohm’s Law. 


373. In a conductor in which a current is flowing, different points 
will, in general, be at different potentials. Thus there will be a system 
of equipotentials and of lines of force inside a conductor similar to those 
in an electrostatic field. It is found, as an experimental fact, that in a 
homogeneous conductor, the lines of flow coincide with the lines of foree— 


or, in other words, the electricity at every point moves in the direction of 
the forces acting on it. 


In considering the motion of material particles in general it is not usually true that the 
motion of the particles is in the direction of the forces acting upon them. The velocity 
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of a particle at the end of any small interval of time is compounded of the velocity at 
the beginning of the interval together with the velocity generated during the interval. 
The latter velocity is in the direction of the forces acting on the particle, but is generally 
insignificant in comparison with the original velocity of the particle. In the particular 
case in which the original velocity of the particle was very small, the direction of motion 
at the end of a small interval will be that of the force acting on the particle. If the 
particle moves in a resisting medium, it may be that the velocity of the particle is kept 
permanently very small by the resistance of the medium: in this case the direction of 
motion of the particle at every instant, relatively to the medium, may be that of the 
forces acting on it. 


On the modern view of electricity, a current of electricity is composed of electrons 
which are driven through a conductor by the electric forces acting on them, and in 
their motion experience frequent collisions with the molecules of the conductor. The 
effect of these collisions is continually to check the forward velocity of the electrons, so 
that this forward velocity is kept small just as if they were moving through a resisting 
medium of the ordinary kind, and so it comes about that the direction of flow of current 
is in the direction of the electric intensity (cf. § 345 a). 


374. Let us select any tube of force of small cross-section inside a 
conductor, and let P, Q be any two points on this tube of force, at which 
the potentials are V, and VW, the former being the greater. Let these 
points be so near together that throughout the range PQ the cross-section 
of the tube of force may be supposed to have a constant value w, while the 
specific resistance of the material of the conductor may be supposed to 
have a constant value rt. 


From what has been said in § 373, it follows that the tube of force under 
consideration is also a tube of flow. If C denotes the current, then the 
current flowing through this tube of flow in the direction from P to Q 
will be Cw. This current may, within the range PQ, be regarded as flowing 
through a conductor of cross-section w and of specific resistance 7. The 


: PQ. 
resistance of this conductor from P to Q is accordingly At , while the fall 


of potential is Y3—-V. Thus by Ohm’s Law 


Vie oe Os 
@ 
Va—V 
so that PO 2— Or, 


If - denotes differentiation along the tube of force, the fraction on the 
s 


left of the foregoing equation reduces, when P and Q are made to coincide, 


to — sy so that the equation assumes the form 
8 
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Let J, m, n be the direction-cosines of the line of flow at P, and let u,v, w 
be the components of the current at P,.so that w=IC, ete. Then 


oVe FOV. 
ee ea lCr =— ur, ete., 
and we see that equation (309) is equivalent to the three equations 
eee ON 
ie T Ox 
Pape aL gute Mee prey NES oer (310) 
T OY 
alos 
igre? 


These equations express Ohm’s Law in a form appropriate to flow through 
a solid conductor, 


Equation of Continuity. 


375. Since we are supposing the currents to be steady, the amount of 
current which flows into any closed region must be exactly equal to the 
amount which flows out. This can be expressed by saying that the integral 
algebraic flow into any closed region must be nil. 


Let any closed surface S be taken entirely inside a conductor. Let l, m,n 
be the direction-cosines of the inward normal to any element dS of this 
surface, and let u,v, w be the components of current at this point. Then 
the normal component of flow across the element dS is lu+mv-+mnw, and the . 
condition that the integral algebraic flow across the surface S shall be nil is 
expressed by the equation 


i (lu+mo+nw) dS =0, 


By Green’s Theorem (§ 176), this equation may be transformed into 


ou ov ow 
[(Ge+ie+3)~° 


and since this integral has to vanish, whatever the region through which it is 
taken, each integrand must vanish separately. Hence at every point inside 
the conductor, we must have 


This is the so-called “equation of continuity,” expressing that no elec- 
tricity is created or destroyed or allowed to accumulate during the passage 
of a steady current through a conductor, 


BOO”, teat ie 4 (wit, ie 

We tilt SAME Sil A DI Ata Bt Silat ts Sptibididietind, Gabe “ait 

tee wore ta thant “atte I 2 wid dpi niegae gabpipyt 0 tag 
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CONDITIONS TO BE SATISFIED AT THE BOUNDARY OF TWO 
ConpucTinG MEDIA. 
378. The conditions to be satisfied at a boundary at which the current 
flows from one conductor to another are as follows: 
(i) Since there must be no accumulation of electricity at the boundary, 
the normal flow across the boundary must be the same whether calculated in 
the first medium or the second. In other words 


1 oV must be continuous, 
T On 


where = denotes differentiation along the normal to the boundary. 
Ut) 


(ii) The tangential force must be continuous, or else the potential would 
not be continuous. Thus 


7 must be continuous, 


where - denotes differentiation along any line in the boundary. 


These boundary conditions are just the same as would be satisfied in an 
electrostatical problem at the boundary between two dielectrics of inductive 


capacities equal to the two values of - Thus the equipotentials in this 


electrostatic problem coincide with the equipotentials in the actual current 
problem, and the lines of force in the electrostatic problem correspond with 
the lines of flow in the current problem. 


Clearly these results could be deduced at once from the differential equation (312) on 
passing to the limit and making r become discontinuous on crossing a boundary. 


Refraction of Lines of Flow. 


379. Let any line of flow cross the boundary between two different 
conducting media of specific resistances 7,, 7,, making angles «, ¢ with the 
normal at the point at which it meets the boundary in the two media 
respectively. The lines of flow satisfy the same conditions as would be 
satisfied by electrostatic lines of force crossing the boundary between two 


dielectrics of inductive capacities = =, so that we must have (cf. equa- 
tion (71)) Ma 


1 1 
— cot ¢, =— cot &. 
7) Te 


Hence 7, tan €, = 7, tan é, 
expressing the law of refraction of lines of flow. 
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380. As an example of refraction of lines of current flow, we may 
consider the case of a steady uniform current in a conductor being dis- 
turbed by the presence of a sphere of different metal inside the conductor, 
The lines shewn in fig. 78 will represent the lines of flow if the specific 
resistance of the sphere is less than that of the main conductor. ‘The lines 
of flow tend to crowd into the sphere, this being the better conductor—in 
the language of popular science, the current tends to take the path of least 
resistance, 


Charge on a Surface of Discontinuity. 


381. If u is the normal component of .current flowing across the 
boundary between two different conductors, we have by Ohm’s Law, 


1% 1a%, 


where Ze denotes differentiation along the normal which is drawn in the 
direction in which uw is measured (say from (1) to (2)), and VY, V are the 
potentials in the two conductors. 


If there is no charge on the boundary between the two conductors we 
must, from equation (70), have the relation 
CLA ov, 
on = K, On ? 
where K,, K, are the inductive capacities of the two conductors. This 
condition will, however, in general be inconsistent with the condition which, 
as we have just seen, is made necessary by the continuity of u. Thus there 
will in general be a surface charge on the boundary between two conductors 
of different materials. 


ky 


The amount of this charge is given at once by equation (72), p.125. Ifo 
denotes the surface density at any point, we have 


is oy OV; 
4aro =a — k= 
sre (ty — Kat) D vsreonieees snare: (318). 


This surface charge is very small compared with the charges which occur in statical 
electricity. For instance, if we have current of 100 ampéres per sq, cm, passing from one 
metallic conductor to another, we take in formula (313), 

u=100 amptres=3 x 10" electrostatic units, 
-6 
7=10~§ ohms a ip 
Ge. 
the last two being true as regards order of magnitude only, The value of 4io is of the 
order of magnitude of Aru, or }x10~8 in electrostatic units. As has been said, the value 
of 4c at the surface of a conductor charged as highly as possible in air is of the order 


of 100. 
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382. As an example of the distribution of a surface charge, we may 
notice that the surface-density of the charge on the surface of the sphere 


; VY 
considered in § 380 will be proportional to either value of ae and therefore 


to cos 6, where 6 is the angle between the radius through the point and the 
direction of flow of the undisturbed current. 


GENERATION OF HBAT. 


383. Consider any small element of a tube of flow, length ds, cross- 


section w. The current per unit area is, by equations (310), — , 80 


that the current flowing through the tube is —_ The resistance of 


the element of the tube under consideration is fas Hence, as in § 355, the 


amount of heat generated per unit time in this element is 


(; as 0) oes or : 4) ods. 


T OS o TOS 


Thus the heat generated per unit time per unit volume is é (5): and 
T 


the total generation of heat per unit time will be 


[Cy a 
or iE (=) f (=) f ()} RRP cane Ss (314). 


Thus the heat generated per unit time is 87 times the energy of the 
whole field in the analogous electrostatic problem (§ 169). 


Rate of generation of heat a minimum. 


384. It can be shewn that for a given current flowing through a con- 
ductor, the rate of heat generation is a minimum when the current distributes 
itself as directed by Ohm’s Law. To do this we have to compare the rate of 
heat generation just obtained with the rate of heat generation when the 
current distributes itself in some other way. 


Let us suppose that the components of current at any point have no 
longer the values ’ 
Loy ehoVes walov 
T On’ T Oy’? 7 Oz 
assigned to them by Ohm’s Law, but that they have different values 


VOY een eee 
? 7 Oy 2 age 


382-385 | Generation of Heat 349 


In order that there may be no accumulation at any point under this new 
distribution, the components of current must satisfy the equation of con- 
tinuity, so that we must have 


Ou ov. dw 
Ox + — oy + Oz == NF Satay aiete) ais eia\miareie’6 sla elarevaseeievarere:a (315). 


By the same reasoning as in § 383, we find for the rate at which heat is 
generated under the new system of currents, 


Ilr IC amet) HC ote 0”) +(-F 5 +) | dedyds, 


which, on expanding, is equal to 


one 
-2ff[(uZ he ap two) dadyde 


a I i 7 (ur w+ w8) dody ds .eccccccecsscsvsrervserenees (816). 


On transforming by Green’s Theorem, the second term 


=2/[[v (2+ +5 + 2) dedyde —2 [7 (lu + mu + mw) dS 


The volume integral vanishes by equation (315), the integrand of the 
surface integral vanishes over each electrode from the condition that the total 
flow of current across the electrode is to remain unaltered, and at every point 
of the insulating boundary from the condition that there is to be no flow 
across this boundary. Thus the new rate of generation of heat is represented 
by the first and third terms of expression (316). The first term represents 
the old rate of generation of heat, the third term is an essentially positive 
quantity. Thus the rate of heat generation is increased by any deviation 
from the natural distribution of currents, proving the result. 


385. An immediate result of this is that any increase or decrease in the 
specific resistance of any part of a conductor is accompanied by an increase 
or decrease of the resistance of the conductor as a whole. For on decreasing 
the value of + at any point and keeping the distribution of currents 
unaltered, the rate of heat production will obviously decrease. On allow- 
ing the currents to assume their natural distribution, the rate of heat 
production will further decrease. Thus the rate of heat production with a 
natural distribution of currents is lessened by any decrease of specific 
resistance. But if J is the total current transmitted by the conductor, and 
R the resistance of the conductor, this rate of heat production is Rl*. 
Thus R decreases when 7 is decreased at any point, and obviously the 
converse must be true (cf. § 359). 
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Tur SOLUTION OF SPECIAL PROBLEMS. 


Current-flow in an Infinite Conductor. 


386. A good approximation to the conditions of electric flow can 
occasionally be obtained by neglecting the restrictive influence of the 
boundaries of a conductor, and regarding the problem as one of flow between 
two electrodes in an infinite conductor. For simplicity, we shall consider only 
the case in which the conductor is homogeneous. 


The conditions to be satisfied by the potential V are as follows. We 
must have V=¥J, over one electrode, and V=J, over the second electrode, 


while must vanish at infinity to a higher order than e and throughout 


the conductor we must have V?V =0 (§ 376). We can easily see (cf. §§ 186, 
187) that these conditions determine V uniquely. 


Consider now an analogous electrostatic problem. Let the conducting 
medium be replaced by air, while the electrodes remain conductors. Let 
the electrodes receive equal and opposite charges of electricity until their 
difference of potential is W¥—V,. At this stage let y denote the electro- 
static potential at any point in the field. Let W., yy be the values of y over 
the two electrodes, so that ~—~~.=Vi—V,. Then there will be a constant 
C (namely W—-v,), such that y+ C assumes the values V,, V, respectively 
over the two electrodes. Moreover V?x+=0 throughout the field, so that 
V?(+C)=0 throughout the field, and ~=0 at infinity except for terms 


eel : : F 
in (cf. § 67), so that 2 p+ C) vanishes at infinity to a higher order 


3° 


than : 
Tr 


Hence + C satisfies the conditions which, as we have seen, must be 
satisfied by the potential V in the current problem, and these are known to 
suffice to determine V uniquely. It follows that the value of V must be 
vt C. 


Thus the lines of flow in the current problem are identical with the lines 
of force when the two electrodes are charged to different potentials in air. 
The normal current-flow at any point on the surface of an electrode is 


lov 


On’ 


so that the total flow of current outwards from this electrode 


=-=([ as=—= {[%as 
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If # is the charge on this electrode in the analogous electrostatic problem 
we have, by Gauss’ Theorem, 


— |[ ds = seu, 
on 


so that the total flow of current is seen to be oe 
Tt 


If Pu, Pa, Pa are the coefficients of potential in the electrostatic problem 
hy = Pu ze pk, 
Wo = Put — DoH, 

K-h= Vi We = (pu — 2p + Pn) E. 


If J is the total current, and R the equivalent resistance between the 
electrodes, we have just seen that 


so that 


ia gaan 
Ve 
so that 
aA 
— sac = he (Pu bed 2D + Do) Orv eveccccccees (317). 


If we regard the two electrodes in air as forming a condenser, and denote 
its capacity by C, we have 


so that 


387. As instances of the applications of formulae (317) and (818) to 
special problems, we have the following: 


I. The resistance per unit length between two concentric cylinders of 
radii a, b (as, for instance, the resistance between the core of a submarine 
cable and the sea), is, by formula (318), 

b 


ome 
Qa 8a" 


II. The resistance per unit length between two straight parallel 
cylindrical wires of radii a, b, placed with their centres at a great distance r 
apart, in an infinite conducting medium, is, by formula (317), 


— 5 (log a — 2 log r + log 6) 
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Ill. The resistance between two spherical electrodes, radii a, b, at a 
great distance r apart, in an infinite conducting medium, is, by formula (317), 


ce 
4rila 6b r)- 


388. If two electrodes of any shape are placed in an infinite medium at 
a distance r apart, which is great compared with their linear distances, we 


Ee ee J St 
may take p, in formula (317) equal, to a first approximation, to —. This is 
small compared with p, and py, so that, to a first approximation, we may 
replace formula (317) by 

= 7 (Pu + Px). 2 


It accordingly appears that the resistance of the infinite medium may be 


regarded as the sum of two resistances—a resistance Pid at the crossing of 
the current from the first electrode to the medium, and a resistance te at 
the return of the current from the medium to the second electrode. Thus 
we may legitimately speak of the resistance of a single junction between an 
electrode and the conducting medium surrounding it. 


For instance, suppose a circular plate of radius a is buried deep in the earth, and acts 
as electrode to distribute a current through the earth. The value of p,, for a disc of 


radius @ is = , so that the resistance of the junction is a So also if a disc of radius a 
is placed on the earth’s surface, the resistance at the junction is i and clearly this 


also is the resistance if the electrode is a semicircle of radius a buried vertically in the 
earth with its diameter in the surface. 


Flow in a Plane Sheet of Metal. 


389. When the flow takes place in a sheet of metal of uniform thickness 
and structure, so that the current at every point may be regarded as flowing 
in a plane parallel to the surface of the sheet, the whole problem becomes 
two-dimensional, Ifa, y are rectangular coordinates, the problem reduces to 
that of finding a solution of 

eV Ae 

at * yt 
which shall be such that either V has a given value, or else ae = 0, at every 

) 

point of the boundary. The methods already given in Chap. vit for obtain- 
ing two-dimensional solutions of Laplace’s equation are therefore available 
for the present problem, The method of greatest value is that of Conjugate 
Functions, 
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If the conducting medium extends to infinity, or is bounded entirely by 
the two electrodes, the transformations will be identical with those already 
discussed for two conductors at different potentials (§ 386). If the medium 
has also boundaries at which _ 0, the procedure must be slightly different. 
We must try to transform the two electrodes into lines V = constant, and the 
‘other boundaries into lines U=constant, so that the whole of the medium 
becomes transformed into the interior of a rectangle in the U, V plane. 


Let U+iV=f (a+) 


be a transformation which gives the required value for V over both electrodes, 


and gives oY 0 over the boundary of a conductor. Then V will be the 


potential at any point, the lines V = constant will be the equipotentials, and 
the lines U = constant, being the orthogonal trajectories of the equipotentials, 
will be the lines of flow. 


At any point the direction of the current is normal to the equipotential 
through the point, and the amount of the current is given by 


But ON is equal to where Le denotes differentiation in the equipotential. 


on ds 
Thus the current flowing across any piece PQ of an equipotential — 
Q 
=| Cds 
P 
ce ao Of 1 
corn 5, ds = — (Ug — Up). 


If P, Q are any two points in the conductor, a path from P to Q can be 
regarded as made up of a piece of an equipotential PJ, and a piece of a line 
of flow VQ. The flow across VQ is zero, that across PN is 


if! 
= (Uw — Up). 


This is accordingly the total flow across PQ, and since Uy= Ug, it may 
be written as 


~ (Ug — Up). 
390. As an illustration, let us suppose that the conducting plate is a 


polygon, two or more edges being the electrodes. We can transform this 
into the real axis in the ¢-plane by a transformation of the type 


B= (b-a)* Ga) an a eet s (319), 
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and this real axis has to be transformed into a rectangle formed (say) by the 
lines V=V,, V=V,, U=0, U=C in the W-plane. The transformation 
for this will be 


T= [C= 09) (= ap) = 4) (E= OIF sr erreee (320), 


where a, @» and dg, a, are the points on the real axis of ¢ which determine 
the ends of the electrodes. By elimination of ¢ from the integrals of equa- 
tions (319) and (820) we obtain the transformation required. 


391. The following example of this method is taken from a paper by 
H. F. Moulton (Proc. Lond. Math. Soc. 111. p. 104). 


D =e Te Ss R 
et 
As tai ae B P Q 
z-plane, W-plane. 
Fic, 101, = Fie. 102. 


In fig. 101, let ABCD be a rectangular plate, the piece PQ of one or more 
sides being one electrode, and the piece RS of one or more other sides being 
the other electrode. Let the rectangle PQRS in fig. 102 be its transforma- 
tion in the W-plane. In the intermediate £-plane, let the points A, B, CO, D 
transform to =a, b,c, d respectively, and let the points P, Q, R, S transform 
to [=p, q, 7, s respectively. Then the transformations are 


Fale-ae-H(t-9¢-a]-4, 
Teale E- Oe (E-9-8. 


If we write 


(bent) (oa e eC eia) pes) 
(a—c)@—d) ? (p=nq@—s)™ 
2m=V(a—c)(b—d), 2m' =V(p—r)(q—s), 
the integrals are 
p= (0-4) — b (a —d) sn? mz (mod «) 


~ b—d—(a—d) sn* mz (mod x) soe Usiag si caiteach (821), 
p_P(9—8)—4(p~s)sn? m’ W (mod 2) 
q—8—(p—s)sn*m'W(mod a) (322), 


The sides AB, AD of the first rectangle are the periods K ik! of 
m’ m 
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sn mz (mod «); the sides PQ, PS of the second rectangle are the periods in 


W, say zy > of sn m’ W (mod 2). 


In the W-plane, the potential difference of the two electrodes is PS, or = : 


while the current is : PO ror = 
T mT 


is accordingly rL’/L, so that the quantity we are trying to determine is L’/L. 


Let the coordinates of P, Q, R, S in the z-plane be 2, 2%, 2;, 2, In the 


¢-plane the coordinates of these points are p, q, 7, s. Hence from equations 
(321), we have 


The equivalent resistance of the plate 


_ a(b—d) —b (a —d) sn? mz, (mod «) 
tag Bee d) —(a—d)sn?mz,(modx) ’ 
and similar equations for g, r,s. The ratio L’/Z of which we are in search 
is now given by 


LT’ _(q—7)(p—s) _ (sn? mz, — sn? mz;) (sn? mz, — sn? mz,) 


L (p—r)(q—s)  (sn® mz, — sn? mz,) (sn? mz, — sn? mz,)’ 


the whole being to modulus «. The values of sn mz can be obtained from 
Legendre’s Tables. 


Moulton has calculated the resistance of a square sheet with electrodes, 
each of length equal to one-fifth of a side, in the following four cases: 


(1) Electrodes at middle of two opposite sides, Resistance = 1°745R, 


(2) Electrodes at ends of two opposite sides and facing one another, 
Resistance = 2°408 R, 


(83) Electrodes at ends of two opposite sides and not facing one 
another, Resistance = 2°589 R, 


(4) Electrodes bent equally round two opposite corners of square, 
Resistance = 30278, 


where R is the resistance of the square when the whole of two opposite sides 
form the electrodes. A comparison of the results in cases (2) and (8) shews 
how large a part of the resistance is due to the crowding in of the lines of 
force near the electrode, and how small a part arises from the uncrowded 
part of the path. 


Inmits to the Resistance of a Conductor. 


392. The result obtained in § 386 enables us to assign an upper and 

a lower limit to the resistance of a conductor, when this resistance cannot be 

calculated accurately. For if any parts of the conductor are made into 

perfect conductors, the resistance of the whole will be lessened, and it may 

be possible to change parts of the conductor into perfect conductors in such 
23—2 
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a way that the resistance of the new conductor can be calculated. This 
resistance will then be a lower limit‘to the resistance of the original con- 
ductor. 


As an illustration, we may examine the case of a straight wire of variable 
cross-section S. Let us imagine that at small distances along its length we 
take cross-sections of infinitely small thickness, and make these into perfect 
conductors. The resistance between two such sections at distance ds apart, 
will be oe where S is the cross-section of either. Thus a lower limit to 
the resistance is supplied by the formula 

-[@ 
z" 

393. Again, if we replace parts of the conductor by insulators, so causing 

the current to flow in given channels, the resistance of the whole is increased, 


and in this way we may be able to assign an upper limit to the resistance 
of a conductor. 


394. As an instance of a conductor to the resistance of which both 
upper and lower limits can be assigned, let us consider the case of a 
cylindrical conductor AB terminating in an infinite 
conductor C of the same material. This example is Zi 
of practical importance in connection with mercury 
resistance standards. The appropriate analysis was 
first given by Lord Rayleigh, discussing a parallel 
problem in the theory of sound. 

Let / be the length and a the radius of the tube. 
To obtain a lower limit to the resistance, we imagine 
a perfectly conducting plane inserted at B. The resistance then consists of 
the resistance to this new electrode at B, plus the resistance from this with 


Fie. 103. 


the infinite conductor C. The former resistance is ike the latter, by § 388 
Ta > ? 


is = , so that a lower limit to the whole resistance is 
bepuags 
Twa? 4q’ 


which is the resistance of a length 1+ > of the tube. 


To obtain an upper limit to the resistance, we imagine non-conducting 
tubes placed inside the main tube AB, so that the current is constrained to 
flow in a uniform stream parallel to the axis of the main tube until the 
end B is reached. After this the current flows through the semi-infinite 
conductor C as directed by Ohm’s Law. 
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The resistance of the tube AB is, as before, x To obtain the resist- 


ance of the conductor C, we must examine the corresponding electrostatic 
problem. If J is the total current, the flow of current per unit area over 
the circular mouth at’ B is I/7a*. In order that the potentials in the 
electrostatic problem may be the same, we must have a uniform surface 
density of electricity 


Ace) errr 


on the surface of the disc. 


The heat generated is I ue where £ is the resistance of the conductor C. 


It is al 
is also ; mies a nes ea) + (yt deayas Bass (323), 


taken through the conductor C. Now if W is the electrostatic energy of 


TL ; 
aig OD each side, 


=e ING ) + (5) + (Se) bandyaes 


where the integral is taken through all space, or again, 


oe (Fy + (y+ ¢4 } dady de, 


where the integral is taken through re semi-infinite space on one side of 
the disc, z.e. through the space C, if the disc is made to coincide with the 
mouth B. On substituting for the volume integral in expression (323), we 
find that 


a disc’ of radius a, having a uniform surface density o = 


we have 


PR= sok i a sre eG (324). 


Following Maxwell, we shall find it convenient to calculate W directly 
from the potential. If a dise of radius r has a uniform surface density o 
on each side, the potential at a point P on its edge will be 


dad: 
Vp = 20 {[2OY, 


where the integral is taken over one side of the disc, and r is the distance 
from P to the element dvdy. Taking polar coordinates, with P as origin, 
the equation of the circle will be r=2bcos@; we may replace dady by 
rdrdé, and obtain 

Vp =20{ pee ie 2 drd@=8be. 


r=0 Es 
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On increasing the radius of the disc to b+db, we bring up a charge 
4orbodb from infinity to potential 8bc, so that the work done is 
dW = 32rb’o'db, 
and integrating from b=0 to b=a, we find for the potential energy of the 
complete disc of radius a, 
W = 22a%o°. 
Thus, from equation (324), 
4nW = 1282°a3o? 


k= = = > 
I?r oy EP oe 
; ; rl 
or, since Aap? 
ze 8T 
87°a° 


Thus an upper limit to the whole resistance is 
Ir 8r 


To 87a’ 
which is the resistance of a length J+ = a of the tube. 


Thus we may say that the resistance of the whole is that of a length 
7 
4 
‘785 and ‘849. Lord Rayleigh*, by more elaborate analysis, has shewn that 
the upper limit for a must be less than ‘8242, and believes that the true 

value of a must be pretty close to 82. % 


Ree : tele 
1+aa of the tube, where « is intermediate between — and az? he between 


THE PASSAGE OF ELECTRICITY THROUGH DIELECTRICS. 


395. Since even the best insulators are not wholly devoid of conducting 
power, it is of importance to consider the flow of electricity in dielectrics. 


Using the previous notation, we shall denote the potential at any point 
in the dielectric by V, the specific resistance by 7, and the inductive capacity 
by K. We shall consider steady flow first. 


If the flow is to be steady, the equation of continuity, namely 
@ (LOV\. ol lov 0 (lov 
= (= ee) se Spueele 5) =0 afateteyeleisceveta stelatete (325), 


must be satisfied. Also if there is a volume density of electrification p, the 
potential must satisfy equation (62), namely 


0 CAEN NG oV\ a OV 
an (x 7a) tay (x | Figs (x x) = — 4arp OOOO 4 (326). 


* Theory of Sound, Vol. 11. Appendix A, 
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From a comparison of equations (325) and (326), it is clear that steady 
flow will not generally be consistent with having p=0. Hence if currents 
are started flowing through an uncharged dielectric, the dielectric will 
acquire volume charges before the currents become steady. When the 
currents have become steady, the value of V will be determined by 
equation (325) and the boundary conditions, and the value of p is then 
given by equation (826). 

From equations (325) and (326), we obtain 


p=-p- ee (Kr) + 5 5 (ae ae (Kn res (827). 
The condition that p shall vanish, whatever the value of V, is that Kr shall 
be constant throughout the dielectric: if this condition is satisfied the value 
of p necessarily vanishes at every point for all systems of steady currents. 
The most important case of this condition being satisfied occurs when the 
dielectric is homogeneous throughout. If Kr is not constant throughout 
the dielectric, equation (327) shews that we can have p=0 at every point 
provided the surfaces V=cons. and Kr=cons. cut one another at right 
angles at every point, z.e. provided Kr is constant along every line of flow. 


We have already had an illustration (§ 381) of the accumulation of 
charge which occurs when the value of Kr varies in passing along a line 
of flow 


Time of Relaxation in a Homogeneous Dielectric. 


396. Let a homogeneous dielectric be charged so that the volume 
density at any point is p. 
If any closed surface is taken inside the dielectric, the total charge 
inside this surface must be 
| i pdadydz, 


while the rate at which electricity flows into the surface will, as in § 375, be 
| (lu + mv + nw) ds, 


where u, v, w are the components of current and J, m, n are the direction 
cosines of the normal drawn into the surface. Since this rate of flow into 
the surface must be equal to the rate at which the charge inside the surface 


increases, we must have 
fo + mv + nw) dS = 5 | [[edeayas 


_ {[[%e : 
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The integral on the left may, et ioe Theorem, be transformed into 


-{ i [(E+ & +5 ee dedyde, 


and this again is equal, by equations an to 


1 eV ot eV 
[| ‘ bee Te) BERS 
Thus we have 


I Vc Gar Se + Sex) — eh Sond 0 


and since this is true sane tue surface is taken, each integrand must vanish 
separately, and we must have, at every point of the dielectric, 


eV eV, eV __ dp 


Gat Oy Oak 3 dbe 
We have also, as in equation (326), 


eV OV @V 4arp 


We toe at °K’ 
so that —=-7z ?p: 
The integral of this equation is 
ery 
o= Poe Kr 


where p, is the value of p at time ¢=0. 


J 


Thus the charge at every point in the dielectric falls off exponentially 
with the time, the modulus of decay being a. The time se in which 
T Tw? 
all the charges in the dielectric are reduced to I/e times their original 
value, is called the “time of relaxation,” being analogous to the corresponding 
quantity in the Dynamical Theory of Gases*. 


The relaxation-time admits of experimental determination, and as 7 is 
easily determined, this gives us a means of determining K experimentally 
for conductors. In the case of good conductors, the relaxation-time is too 
small to be observed with any accuracy, but the method has been employed 
by Cohn and Aronst+ to determine the inductive capacity of water. The 
value obtained, K = 73°6, is in good agreement with the values obtained in 
other ways (cf. § 84). 


* Cf. Maxwell, Collected Works, 1. p. 681, or Jeans, Dynamical Theory of Gases, p. 294. 
+ Wied. Ann. xxyut. p. 454. : 
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Discharge of a Condenser. 


397. Let us suppose that a condenser is charged up to a certain 
potential, and that a certain amount of leakage takes place through the 
dielectric between the two plates. Then, as we have just seen, the dielectric 
_will, except in very special cases, become charged with electricity. 


Now suppose that the two plates are connected by a wire, so that, in 
ordinary language, the condenser is discharged. Conduction through the 
wire is a very much quicker process than conduction through the dielectric, 
so that we may suppose that the plates of the condenser are reduced to the 
same potential before the charges imprisoned in the dielectric have begun to 
move. For simplicity, let us suppose that the plates of the condenser are 
both reduced to potential zero. Then the surface of the dielectric may, 
with fair accuracy, be regarded as an equipotential surface, the potential 
being zero al] over it. It follows that there can be no lines of force outside 
this equipotential: all lines of force which originate on the charges im- 
prisoned in the dielectric, and which do not terminate on similar charges, 
must terminate on the surface of the dielectric. Thus we shall have a 
system of charges on the surface of the dielectric, these charges being equal 
in magnitude but opposite in sign to those of the Green’s “equivalent 
stratum ” corresponding to the system of charges imprisoned in the dielectric. 
This system of charges on the surface of the dielectric is of the kind which 
Faraday would call a “bound” charge (cf. § 141). 


Suppose the plates of the condenser to be again insulated. The system 
of charges inside the dielectric and at its surface is not an equilibrium dis- 
tribution, so that currents will be set up in the dielectric, and a general 
rearrangement of electricity will take place. The potentials throughout the 
dielectric will change, and in particular the potentials of the condenser-plates 
at the surface of the dielectric will change. In other words, the charge on 
these plates is no longer a “bound” charge, but becomes, at least partially, a 
“free” charge. On joining the two plates by a wire, a new discharge will 
take place. 


This is Maxwell’s explanation of the phenomenon of “residual discharge.” 
It is found that, some time after a condenser has been discharged and 
insulated, a second and smaller discharge can be obtained on joining the 
plates, after this a third, and so on, almost indefinitely. It should be 
noticed that, on the explanation which has been given, no residual discharge 
ought to take place if the dielectric is perfectly homogeneous. It thus becomes 
possible to test the theory by experiments on homogeneous dielectrics. 

Rowland and Nichols* tested calcspar, which is a perfectly homogeneous 
crystal, and found no trace of residual discharge. Hertz} found traces of a 


* Phil. Mag. [5] vol. 11. p. 414 (1881). + Wied. Ann, xx. (1883), p. 279, 
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residual discharge in a homogeneous fluid, benzene, but found that these dis- 
appeared as impurities were removed‘from the fluid; Arons* obtained the 
same result with paraffin. Finally Muraokat experimented with various 
oils, paraffin, resin, turpentine and xylol. Residual discharges were not found 
in the oils singly, but appeared as soon as two or more were mixed together. 

These facts are in agreement with Maxwell’s theory of residual discharge 
and afford strong confirmation of the theory. On the other hand there are a 
large number of experimental facts which are difficult to explain in terms 
of Maxwell’s theory alone, and which seem to suggest that the theory is 
incomplete. 


EXAMPLES. 


1. The ends of a rectangular conducting lamina of breadth c, length a, and uniform 
thickness 7, are-maintained at different potentials. If f(x, y) be the specific resistance p 
at a point whose distances from an end and a side are x, y, prove that the resistance of 

dx 


the lamina cannot be less than 


7? or greater than 


[io ” y 
a 

0 Pp [peas 
0/0 


2. Two large vessels filled with mercury are connected by.a capillary tube of uniform 
bore. Find superior and inferior limits to the conductivity. 


3. A cylindrical cable consists of a conducting core of copper surrounded by a thin 
insulating sheath of material of given specific resistance. Shew that if the sectional 
areas of the core and sheath are given, the resistance to lateral leakage is greatest when 
the surfaces of the two materials are coaxal right circular cylinders. 


4, Prove that the product of the resistance to leakage per unit length between two 
practically infinitely long parallel wires insulated by a uniform dielectric and at different ~ 
potentials, and the capacity per unit length, is Ap/4a, where K is the inductive capacity 
and p the specific resistance of the dielectric. Prove also that the time that elapses before 
the potential difference sinks to a given fraction of its original value is independent of the 
sectional dimensions and relative positions of the wires. 


5. If the right sections of the wires in the last question are semicircles described on 
opposite sides of a square as diameters, and outside the square, while the cylindrical space 
whose section is the semicircles similarly described on the other two sides of the square is 
filled up with a dielectric of infinite specific resistance, and all the neighbouring space is 
filled up with a dielectric of resistance p, prove that the leakage per unit length in unit 
time is 2V/p, where V is the potential difference. 


6. If 6+%~=f(e+7y), and the curves for which ¢=cons. be closed curves, shew that 
the insulation resistance between lengths / of the surfaces p=¢o, P=qy, is 


p(di~ do) 


iw)’ 


where [y] is the increment of y on passing once round a ¢-curve, and p is the specific 
resistance of the dielectric. 


* Wied. Ann. xxxv. (1888), p. 291. + Wied. Ann. xu. (1890), p. 328. 
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7. Current enters and leaves a uniform circular disc through two circular wires of 
small radius e whose central lines pass through the edge of the disc at the extremities of 
a chord of length d. Shew that the total resistance of the sheet is 


(20/7) log (d/e). 
8. Using the transformation 
log (w@+iy)=E+%, 


prove that the resistance of an infinite strip of uniform breadth r between two electrodes 
distant 2a apart, situated on the middle line of the strip and having equal radii 4, is 


2 
~ log G tanh a) G 


9. Shew that the transformation 
2 +7y'=cosh x (a+ty)/a 


enables us to obtain the potential due to any distribution of electrodes upon a thin 
conductor in the form of the semi-infinite strip bounded by y=0, y=a, and «=0. 


If the margin be uninsulated, find the potential and flow due to a source at the point 


x=C, y=: Shew that if the flows across the three edges are equal, then re=acosh™ 2. 


10. Equal and opposite electrodes are placed at the extremities of the base of an 
isosceles triangular lamina, the length of one of the equal sides being a, and the vertical 


angle = - Shew that the lines of flow and equal potential are given by 


1l+cnu 
l-cmw’ 


we str(2) uasr(2)r(!) (#82), 


and the modulus of cn wu is sin 75°, the origin being at the vertex. 


sinh? — alas =,/3 


11, A circular sheet of copper,of specific resistance o, per unit area, is inserted in a 
very large sheet of tinfoil (ao), and currents flow in the composite sheet, entering and 
leaving at electrodes. Prove that the current-function in the tinfoil corresponding to an 
electrode at which a current e enters the tinfoil is the coefficient of 7 in the imaginary 


part of 
CZ 
~ $2 tog (e— e+ are +2 tog |, 


where a@ is the radius ot tee copper sheet, z is a complex variable with its origin at the 
centre of the sheet, and ¢ is the distance of the electrode from the origin, the real axis 
passing through the electrode. 


Generalise the expression for any position of the electrode in the copper or in the 
tinfoil, and investigate the corresponding expressions determining the lines of flow in the 


copper. 


12, A uniform conducting sheet has the form of the catenary of revolution 
L 
ae ae Ae 
y?+22=c? cosh ¥ 


Prove that the potential at any point due to an electrode at 2%, Yo, 20, introducing a 
current C, is 


crane ey 


onstant — “ log (cosh é 
‘ 4x © CNP +A) (yo?+20") 


CHAPTER XI 
PERMANENT MAGNETISM 


PHysicAL PHENOMENA. 


398. Iv is found that certain bodies, known as magnets, will attract or 
repel one another, while a magnet’ will also exert forces on pieces of iron 
or steel which are not themselves magnets, these forces being invariably 
attractive. The most familiar fact of magnetism, namely the tendency of 
a magnetic needle to point north and south, is simply a particular instance 
of the first of the sets of phenomena just mentioned, it being found that 
the earth itself may be regarded as a vast aggregation of magnets. 


The simplest piece of apparatus used for the experimental study of 
magnetism is that known as a bar-magnet. ‘This consists of a bar of steel 
which shews the property of attracting to itself small pieces of steel or iron. 
Usually it is found that the magnetic properties of a bar-magnet reside 
largely or entirely at its two ends. For instance, if the whole bar is dipped 
into a collection of iron filings, it is found that the filmmgs are attracted in’ 
great numbers to its two ends, while there is hardly any attraction to the 
middle parts, so that on lifting the bar out from the collection of filings, we 
shall find that filings continue to cluster round the ends of the bar, while 
the middle regions will be comparatively free. 


Poles of a Magnet. 


399. The two ends of a magnet—or, more strictly, the two regions 
in which the magnetic properties are concentrated—are spoken of as the 
“poles” of the magnet. If the magnet is freely suspended, it will turn 
so that the line joining the two poles points approximately north and 
south. The pole which places itself so as to point towards the north is 
called the “north-seeking pole,” while the other pole, pointing to the south, 
is called the “south-seeking pole.” 


By experimenting with two or more magnets, it is found to be a general 


law that similar poles repel one another, while dissimilar poles attract one 
another. 
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The earth may roughly be regarded as a single magnet of which the two 
magnetic poles are at points near to the geographical north and south poles. 
Since the northern magnetic pole of the earth attracts the north-seeking 
pole of a suspended bar-magnet, it is clear that this northern magnetic pole 
must be a south-seeking pole; and similarly the southern pole of the earth 
must be a north-seeking pole. Lord Kelvin speaks of a south-seeking pole as 
a “true north” pole—de. a pole of which the magnetism is of the kind found 
in the northerly regions of the earth. But for purposes of mathematical 
theory it will be most convenient to distinguish the two kinds of pole by 
the entirely neutral terms, positive and negative. And, as a matter of 
convention, we agree to call the north-seeking pole positive. Thus we 
have the following pairs of terms: 


North-seeking = True South = Positive, 
South-seeking = True North = Negative. 


Law of Force between Magnetic Poles. 


400. By experiments with his torsion-balance, Coulomb established that 
the force between two magnetic poles varies inversely as the square of the 
distance between them. It was found also to be proportional to the product 
of two quantities spoken of as the “strengths” of the poles. Thus if /’ is the 
repulsion between two poles of strengths m, m’ at a distance r apart, we have 


It is found that c depends on the medium in which the poles are placed, 
but is otherwise constant. Clearly if we agree that the strength of positive 
poles is to be reckoned as positive, while that of negative poles is reckoned 
negative, then ¢ will be a positive quantity. 


The Umt Magnetic Pole. 


401. Just as Coulomb’s electrostatic law of force supplied a convenient 
way of measuring the strength of an electric charge, so the law expressed 
by equation (328) provides a convenient way of measuring the strength of a 
magnetic pole, and so gives a system of magnetic units. A system of units, 
analogous to the electrostatic system (§§ 17, 18) is obtained by defining the 
unit pole to be such as to make c=1 in equation (328). This system is 
called the Magnetic (or, more generally, Electromagnetic) system of units. 
We define a unit pole, in this system, to be a pole of strength stich that 
when placed at unit distance from a pole of equal strength the repulsion 
between the two poles is one of unit, force, 
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Thus the force F between two poles of strengths m, m’, measured in the 
Electromagnetic system of units, is given by 


The physical dimensions of the magnetic unit can be discussed in just 
the same way in which the physical dimensions of the electrostatic unit 
have already been discussed in § 18. 


Moment of a Line-Magnet. 


402. It is found that every positive pole has associated with it a 
negative pole of exactly equal strength, and that these two poles are 
always in the same piece of matter. 


Thus not only are positive and-negative magnetism necessarily brought 
into existence together and in equal quantities, as is the case with positive 
and negative electricity, but, further, it is impossible to separate the positive 
and negative magnetism after they have been brought into existence, and in 
this respect magnetism is unlike electricity. 


It follows that it is impossible to have a body “charged with magnetism” 
in the way in which we can have a body charged with electricity. A mag- 
netised body may possess any number of poles, and at each pole there is, in 
a sense, a charge of magnetism; but the total charge of magnetism in the 
body will always be zero. 


Hence it follows that the simplest and most fundamental piece of matter 
we can imagine which is of interest for the theory of magnetism, is not a 
small body carrying a charge of magnetism, but a small body carrying (so 
to speak) two equal and opposite charges at a certain distance apart. 


This leads us to introduce the conception of a line-magnet. A line- 
magnet is an ideal bar-magnet of which the width is infinitesimal, the 
length finite, and the poles at the two extreme ends. Thus geometrically 
the ideal line-magnet is a line, while its poles are points. 


The strengths of the two poles of a line-magnet are necessarily equal 
and opposite. The product of the numerical strength of either pole and the 
distance between the poles is called the “moment” of the line-magnet. 


Magnetic Particle. 


403. If we imagine the distance between the two poles of a line-magnet 
to shrink until it is infinitesimal, the magnet becomes what is spoken of as a 
magnetic particle. If +m are the strengths of its poles and ds is the distance 
between the two poles, the moment of the magnetic particle is mds, 
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It is easily shewn that, as regards all phenomena occurring at a finite 
distance away, two magnetic particles have the same effect if their moments 
are equal; their length and the strengths of their poles separately are of no 
importance. To see this we need only consider the case of two magnetic 
particles, each having poles + m, and length ds, and therefore moment mds. 
Clearly these will produce the same effect at finite distances whether they 
are placed end to end or side by side. In the latter case, we have a magnet 
of length ds, poles + 2m, while in the former case the two contiguous poles, 
being of opposite sign, neutralise one another, and the arrangement is in 
effect a magnet of length 2ds and poles +m. Thus in each case the moment 
is the same, namely 2mds, while the strengths of the poles and their distances 
apart are different. 


If we place a large number of similar magnetic particles end to end, 
all the poles will neutralise one another except those at the extreme ends, 
so that the arrangement produces the same effect as a line-magnet of length 


nds. By taking n=. , where J is a finite length, we see that the effect of 


a line-magnet of length J can be produced exactly by n magnetic particles 
of length ds. 


The two arrangements will be indistinguishable by their magnetic effects 
at all external points. There is, however, a way by which it would be easy 
to distinguish them. If the arrangement were simply two poles +m, at the 
ends of a wire of length J, then on cutting the wire into two pieces, we should 
have one pole remaining in each piece. If, however, the arrangement were 


(ii) lites alice Ge sollte police elites ellen 
Fie. 104. 


that of a series of magnetic particles, we should be able to divide the series 
between two particles, and should in this way obtain two complete magnets. 
The pair of poles on the two sides of the point of division which have so far 
been neutralising one another now figure as independent poles. 


As a matter of experiment, it is not only found to be possible to produce 
two complete magnets by cutting a single magnet between its poles, but it 
is found that two new magnets are produced, no matter at what point the 
cutting takes place. The inference is not only that a natural magnet must 
be supposed to consist of magnetic particles, but also that these particles 
are so small that when the magnet is cut in two, there is no possibility of 
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cutting a magnetic particle in two, so that one pole is left on each side of 
the division. In other words, we must suppose the magnetic particles either 
to be identical with the molecules of which the matter is composed or else 
to be even smaller than these molecules. At the same time, it will not 
be necessary to limit the magnetic particle of mathematical analysis by 
assigning this definite meaning to it: any collection of molecules, so small 
that the whole space occupied by it may be regarded as infinitesimal, will 
be spoken of as'a magnetic particle. 


404. Awis of a magnetic particle. The axis of a magnetic particle is 
defined to be the direction of a line drawn from the negative to the positive 
pole of the particle. 


It will be clear, from what has already been said, that the effect of 
a magnetic particle at all external points is known when we know its 
position, axis and moment. 


Intensity of Magnetisation. 


405. In considering a bar-magnet, which must be supposed to have 
breadth as well as length, we have to consider the magnetic particles as 
being stacked side by side as well as placed end to end. For clearness, let 
us suppose that the magnet is a rectangular parallelepiped, its length being 
parallel to the axis of x, while its height and breadth are parallel to the two 
other axes. The poles of this bar-magnet may be supposed to consist of 
a uniform distribution of infinitesimal magnetic poles over each of the two 
faces parallel to the plane of yz, let us say a distribution of poles of aggregate 
strength J per unit area at the positive pole, and —J per unit area at the 
negative pole, so that if A is the area of each of these faces, the poles of 
the magnet are of strengths + JA. 


As a first step, we may regard the magnet as made up of an infinite 
number of line-magnets placed side by side, each line-magnet being a 
rectangular prism parallel to the length of the magnet, and of very small 
cross-section. Thus a prism of cross-section dydz may be regarded as a line- 
magnet having poles +Jdydz. This again may be regarded as made up of 
a number of magnetic particles. As a type, let us consider a particle of 
length dz, so that the volume of the magnet occupied by this particle is 
dadydz. The poles of this particle are of strength +Idydz, so that the 
moment of the particle is 


Idady dz. 


If we take any small cluster of these particles, occupying a small volume 
dv, the sum of their moments is clearly dv, and these produce the same 
magnetic effects at external points as a single particle of moment 


Ldv. 
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The quantity I is called the “intensity of magnetisation” of the magnet. 
The magnetisation has direction as well as magnitude. In the present 
instance the direction is that of the axis of a. 


406. In general, we define the intensity and direction of magnetisation 
as follows: ; 


Lhe intensity of magnetisation at any point of a magnetised body is defined 
to be the ratio of the magnetic moment of any small particle at this point to 
the volume of the particle. 


The direction of magnetisation at any point of a magnetised body is defined 
to be the direction of the magnetic axis of a small particle of magnetic matter 
at the point. 


Instead of specifying the magnetisation of a body in terms of its poles, 
it is both more convenient from the mathematical point of view, and more 
in accordance with truth from the physical point of view, to specify the 
intensity at every point in magnitude and direction. Thus the bar-magnet 
which has been under consideration would be specified by the statement 
that its intensity of magnetisation at every point is Z parallel to the axis 
of « A body such that the intensity is the same at every point, both in 
magnitude and direction, is said to be uniformly magnetised. 


THe MAGNETIC FIELD OF FORCE. 


407. The field of force produced by a collection of magnets is in many 
respects similar to an electrostatic field of force, so that the various conceptions 
which were found of use in electrostatic theory will again be employed. 


The first of these conceptions was that of electric intensity at a point. 
In electrostatic theory, the intensity at any point was defined to be the 
force per unit charge which would act on a small charged particle placed 
at the point. It was necessary to suppose the charge to be of infinitesimal 
amount, in order that the charges on the conductors in the field might not 
be disturbed by induction. : 


There is, as we shall see later, a phenomenon of magnetic induction, 
which is in many respects similar to that of electrostatic induction, so that 
in defining magnetic intensity we have again to introduce a condition to 
exclude effects of induction. 


Also, to avoid confusion between the magnetic intensity and the intensity 
of magnetisation defined in § 406, it will be convenient to speak of magnetic 
force at a point, rather than of magnetic intensity. We accordingly have the 
following definition, analogous to that given in § 30. 


J. 24 
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The magnetic force at any point is given, in magnitude and direction, 
by the force per unit strength of pole, which would act on a magnetic pole 
situated at this point, the strength of the pole being supposed so small that 
the magnetism of the field is not affected by tts presence. 


408. The other quantities and conceptions follow in order, as in 
Chapter 1. Thus we have the following definitions: 


A line of force is a curve in the magnetic field, such that the tangent at 
every point is in the direction of the magnetic force at that point (cf. § 31). 


The potential at any point in the field is the work per unit strength of pole 
which has to be done on a magnetic pole to bring rt to that point from infinity, 
the strength of the pole being supposed so smalt that the magnetism of the field 
is not affected by its presence (cf. § 33). ’ 

Let Q denote the magnetic potential and a, 8, y the components of 


magnetic force at any point 2, y, 2, then we have from this definition 
(cf. equation (6)), 


BY, z ; 
Ges | (ddne Bay eryds) ee ee ee (330), 
and the relations (cf. equations (9)), 
ws 00 1 4 00 iy 4OQ 
a= Oa aca Balit Olas ee etvescccesece (331). 


A surface in the magnetic field such that at every point on it the potential 
has the same value, is called an Equipotential Surface (cf. § 35). 


From this definition, as in § 35, follows the theorem: 
Equipotential Surfaces cut lines of force at right angles. 


The law of force being the same as in electrostatics, we have as the value 
of the potential (cf. equation (10)), 


where m is the strength of any typical pole, and r is the distance from it 
to the point at which the potential is being evaluated. 


As in § 42, we have Gauss’ Theorem: 


a0 
| ek SEY 2 re aR a He (333) 


where the integration is over any closed surface, and Sm is the sum of 
the strengths of all the poles inside this surface. If the surface is drawn 
so as not to cut through any magnetised matter, =m will be the aggregate 


strength of the poles of complete magnetic particles, and therefore equal 
to zero. Thus for a surface drawn in this way 
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If the position of the surface S is determined by geometrical conditions— 
if, for instance, it is the boundary of a small rectangular element dadydz— 
then we cannot suppose it to contain only complete magnetic particles, and 
equation (334) will not in general be true. 


If there is no magnetic matter present in a certain region, equation (334) 
is true for any surface in this region, and on applying it to the surface of the 
small rectangular element dadydz, we obtain, as in § 50, 

PQ PFO PO, 


Eye +—— Oy? + ag = 0 Core cerece cesses eesccces (335), 


the differential equation satisfied by the magnetic potential at every point 
of a region in which there is no magnetic matter present. 


Tubes of Force. 


409. A tubular surface bounded by lines of force is, as in electrostatics, 
called a tube of force. Let ,, w, be the areas of any two normal cross- 
sections of a thin tube of force, and let H,, H, be the values of the 
intensities at these points. By applying Gauss’ Theorem to the closed 
surface formed by the two cross-sections and the portion of the tube 
which les between them, we obtain, as in § 56, 

Ho, — H,o,=0, 
provided there is no magnetic matter inside this closed surface. 


Thus in free space the product Hw remains constant. The value of this 
product is called the strength of the tube. 
In electrostatics, it was found convenient to define a unit tube to be one which ended 


- ona unit charge, so that the product of intensity and cross-section was not equal to unity 
but to 47. 


Potential of a Magnetic Particle. 


410. Let a magnetic particle consist of a pole of strength —m, at O, and 
a pole of strength +7, at P, the distance OP being 
infinitesimal. 


The potential at any point Q will be 


mM, ™m 
Wipe es: driv toheal coche (336). 
PQ 0Q . 
If we put OQ=r, and denote the angle POQ by 0, -™ +m 
this becomes Fie, 105. 
m,(OQ—PQ) m,OPcos6 poos 6 
OQg= = “PO, 00.” = —POEOO . = Pe eeeesesee (337), 


where #=™,. OP, the moment of the particle. 
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The analysis here given and the result reached are exactly similar to 
those already given for an electric doublet in § 64, The same result can also 
be put in a different form. 

Let us put OP =ds, and let = denote differentiation in the direction of 
OP, the axis of the particle. Then equation (336) admits of expression in 
the form 


aA\ afi 
Dg = mds— (=) =p (=) pees > F (338), 


Let J, m, n be the direction-cosines of the axis of the particle, then 
formula (888) can also be written 


Onan iz (=) +m ‘ (=) tnd @)} Cen (339), 


where, in differentiation, x, y, 2 are supposed to be the coordinates of the 
particle, and not of the point Q. 


411. Resolution of a magnetic particle. Equation (339) shews that the 
potential of the single particle we have been considering is the same as the 
potential of three separate particles, of strengths pl, wm and wn, and axes in 
the directions Ox, Oy, Oz respectively Thus a magnetic particle may be 
resolved into components, and this resolution follows the usual vector law. 


The same result can be seen geometrically. 


Let us start from O and move a distance Uds parallel to the axis of #, then 
a distance mds parallel to the axis of y, and then 
a distance nds parallel to the axis of z This At 
series of movements brings us from O to P,a 2 
distance ds in the direction J, m, n. Let the 
path be OgrP in fig. 106. The magnetic particle , 
under consideration has poles —m, at O and +m, 
at P, Without altering the field, we can super- 
pose two equal and opposite poles + m, at qg, and 
also two equal and opposite poles + m, at r. 


The six poles now in the field can be taken foe 
in three pairs so as to constitute three doublets O% = # 
of strengths m,.09, m.gr and m, rP respec- Fia. 106. 


tively along Og, gr and rP. These, however, are 
doublets of strengths ul, wm and yn parallel to the coordinate axes, 


Potential of a Magnetised Body. 


412. Let I be the intensity of magnetisation at any point of a mag- 
netised body, and let 7, m, n be the direction-cosines of the direction of 
magnetisation at this point. 
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The matter occupying any element of volume dawdydz at this point will 
be a magnetic particle of which the moment is Jdadydz and the axis is in 
direction 1, m, n. By formula (339), the potential of this particle at any 
external point is 


a1 eae 0/1 
so that, by integration, we obtain as the potential of the whole body at any 
external point Q, 


O9=[f[zZ (=) +m (=) tne (=) dadyd2......(340) 


in which r is the distance from Q to the element dadydz, and the integration 
extends over the whole of the magnetised body. 


If we introduce quantities A, B, C defined by 


A= 
Oe a rete a ee a ee (341), 
C=In 


then equation (340) can be put in the form 


ee | | \4 z (=) +B i (=) f ge 63) dadyds=ses(842), 


The quantities A, B, C are called the components of magnetisation at the 
point x,y,z. Equation (342) shews that the potential of the original magnet, 
of magnetisation J, is the same as the potential of three superposed magnets, 
of intensities A, B, C parallel to the three axes. This is also obvious from 
the fact that the particle of strength [dxzdydz, which occupies the element of 
volume dadydz, may be resolved into three particles parallel to the axes, of 
which the strengths will be Adxdydz, Bdadydz and Cdadydz, if A, B, C are 
given by equations (341). 


Potential of a uniformly Magnetised Body. 


413. If the magnetisation of any body is uniform, the values of A, B, C 
are the same at all points of the body. 


Let the coordinates of the point Q in equation (342) be a’, y’, 2’, so that 
= [(a—a’P +(y—yP + (2—-2)') 8. 


Then, clearly, 2 63) =— a (=) , ete. 
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Replacing differentiation with respect to a, y, 2 by differentiation with 
respect to a’, y’, 2’ in this way,»we find that equation (842) assumes the form 
= g at : | : 343 
N= - (45,485 +055)| * dardy da sssssee (343), 
a9 @ 
ox’ dy’? dz’ 
sign of integration, since they are not affected by changes in 2, y, 2. 


the quantities A, B, C and the operators being taken outside the 


If V denote the potential of a uniform distribution of electricity of volume 
density unity throughout the region occupied by the magnet, we have 


Va i i | SEN eae eee. (344), 


so that equation (843) becomes 


OVq_ p2Vq_ 


aa y/ ayy tentetteesesesaes 
or OQ9g=AX + BY + CZ, 
where X, Y, Z are the components of electric intensity at Q produced by 
this distribution. 


Qo=n A 


Or again if = denotes differentiation with respect to the coordinates of Q 


in a direction parallel to that of the magnetisation of the body, namely that 
of direction-cosines J, m, n, equation (845) becomes 


414. Yet another expression for the potential of a uniformly magnetised 
body is obtained on transforming equation (342) by Green’s Theorem. If 
I’, m’, nv’ are the direction-cosines of the outward-drawn normal to the magnet 
at any element dS of its surface, the equation obtained after transformation is 


He i i (AU + Bm’ + Cn’) * a8, 
By equations (841), 
Al’ + Bm’ + Cn’ =I (Wl + mm’ + nr’) 
=I cos 0, 


where @ is the angle between the direction of magnetisation and the outward 
normal to the element dS of surface. The equation now becomes 


Q= i | LO ee (347), 


T 


shewing that the potential at any external point is the same as that of-a 


surface distribution of magnetic poles of density J cos @ per unit area, spread 
over the surface of the magnet, 
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This distribution is of course simply the “Green’s Equivalent Stratum” 
(§ 204) which is necessary to produce the observed external field. 


The bar-magnet already considered in § 405, provides an obvious illustra- 
tion of these results. 


415. Uniformly magnetised sphere. A second and interesting example 
of a uniformly magnetised body is a sphere, magnetised with uniform 
intensity J. This acquires its interest from the fact that the earth may, to 
a very rough approximation, be regarded as a uniformly magnetised sphere. 


If we follow the method of § 313, we obtain for the value of Vo, defined 
by equation (844), 


Vo= $70 (=) . 


where a is the radius of the sphere. If we suppose the magnetisation to be 
in the direction of the axis of , we have 


O9=- 158 ~2=§rat (3) 


cos at 


= 47a3 J —— 


Thus the potential at any external point is the same as that of a magnetic 
particle of moment $7ra*J at the centre of the sphere. 


To treat the problem by the method of § 414, we have to calculate the 
potential of a surface density I cos @ spread over the surface of the sphere. 
Regarding cos @ as the first zonal harmonic P, (cos @), the result follows at 
once from § 257. 


Potisson’s imaginary Magnetic Matter. 


416. if the magnetisation of the body is not uniform, the value of Og 
given in equation (342) cannot be transformed into a surface integral, so 
that the potential of the magnet cannot be represented as being due to a 
surface charge of magnetic matter. If we apply Green’s Theorem to the 
integral which occurs in equation (842), we obtain 


[4G +2 = (- r)+e2 (= *) dodyda 
att or ey +2) dedyae+ ff - = (LA + mB + nC) dS, 


where J, m, n are the Paine, Eo of the outward-drawn normal to the 
element dS of surface. 
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Thus eq ‘ I | P dedydz + | | Eh gendeerget es (348), 


where p, o are given by 


Vaeeliper 6 
p=-(— Be er (349), 
Ce) PAB PN oceans atte ree 3.7.( 850): 


Thus the potential of the magnet at any external point Q is the same as 
if there were a distribution of magnetic charges throughout the interior, of 
volume-density p given by equation (349), together with a distribution over 
the surface, of surface-density o given by equation (350). 


Potential of a Magnetic Shell. 


417. A magnetised body which is so thin that its thickness at every point 
may be treated as infinitesimal, is called a “magnetic shell.” Throughout 
the small thickness of a shell we shall suppose the magnetisation to remain 
constant in magnitude and direction, so that to specify the magnetisation of 
a shell we require to know the thickness of the shell and the intensity and 
direction of the magnetisation at every point. 


Shells in which the magnetisation is in the direction of the normal to the 
surface of the shell are spoken of as “normally-magnetised shells.” These 
form the only class of magnetic shells of any importance, so that we shall deal 
only with normally-magnetised shells, and it will be unnecessary to repeat in 
every case the statement that normal magnetisation is intended. 


If I is the intensity of magnetisation at any point inside a shell of this. 
kind, and if 7 is its thickness at this point, the product J7 is spoken of as 
the “strength” of the shell at this point. Any element dS of the shell will 
behave as a magnetic particle of moment I7dS, so that the strength of a 
shell is the magnetic moment per unit area, just as the intensity of magneti- 
sation of a body is the magnetic moment per unit volume. 


Any element dS of a shell of strength behaves like a magnetic particle of 
strength ddS of which the axis 1s normal to d8. 


The magnetisation of a magnetic shell may often be conveniently pictured 
as being due to the presence of layers of positive and negative poles on its 
two faces. Clearly if @ is the strength and + the thickness of a shell at 


any point, the surface-density of these poles must be taken to be + Pe 

T 
418. To obtain the potential of a shell at an external point, we regard 

any element dS of the shell as a magnetic particle of moment dS and axis 


in the direction of the normal to the shell at this point, it being agreed that 
this normal must be drawn in the direction of magnetisation of the shell. 
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The potential of the element dS 0. the shell at a point Q distant r from dS 


is then 
d/l 
gds—(°), 
so that the potential of the whole shell at Q is given by 


De= |) zn) 


where 6 is the angle between the normal at dS and the line joining dS to P. 


Clearly dS cos@ is the projection of the element dS ona plane perpendicular 


dS cosé@ . 
a 


to the line joining dS to P so that is the solid angle subtended by 


dS at Q. Denoting this by dw, we have the potential in the form 


419. Uniform shell. If the shell is of uniform strength, ¢ may be taken 
outside che sign of integration in equation (351), so that we obtain 


Dio il | PENG ee RO RE (352), 
where © is the total solid angle subtended by the shell at Q. 


POTENTIAL ENERGY.OF A MAGNET IN A FIELD OF FORCE. 


420. The potential energy of a magnet in an external field of force is 
equal to the work done in bringing up the magnet from infinity, the field of 
force being supposed to remain unaltered during the process. 


Consider first the potential energy of a single particle, consisting of a pole 
of strength — m, at O and a pole of strength +m, at P. Let 
the potential of the field of force at O be OQ and at P be Op. is 
Then the amounts of work done on the two poles in bringing gee ms 
up this particle from infinity are respectively —m,Q 9 and ~m, 
m,Qp, so that the potential energy of the particle when in Fic. 107. 
the position OP 


=m, (Op — Oo) 
oO). : 
=m,.OP 3p? 2 the notation already used, 


ao a2, a0 a 
= Gyan (tag tmae tna ees ee (353). 
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The potential energy of any magnetised body can be found by integration 
of expression (353), the body being regarded as an aggregation of magnetic 
particles. 


421. Equation (853) assumes a special form if the magnetic field is due 
solely to the presence of a second magnetic particle. Let this be of moment 
p’, its axis having direction cosines /’, m’, n’, and its centre having coordinates 
a, y', 2, Then we have as the value of Q, from § 410, 

ocfe Pe aa POs Peo WAL 
O= 1 (2) =# Cag tm at" az) (7): 

Substituting these values for © in the formulae just obtained, we have as 

the mutual potential energy of the two magnets, 


re ooh Gy 
Lay Osos’ (;) 
a) G) 0 a) ew 
aye (IR tmo sna) (Um & ‘a) (=) 
pn! ( Pan laeyy babe ba 6 ay h” oF ee 
This is symmetrical with respect to the two magnets, as of course it ought to be—it is 


immaterial whether we bring the first magnet into the field of the second, or the second 
into the field of the first. 


If we now put 
1 1 


{way +(y-yP eee? 
we obtain on differentiation, 


ae oa! _o-d 
oe) ga) oe ae ee 


e fl\_1 3(e-2«') 
po thee Sse es eee 
8 /l\__ 38@-2)y-y) 


Hence we obtain as the value of W, 


W= (Wl’ + mm’ + nn’) 


Sue , , v 

Ke (Uw a!) +m (yy) +n(e—2')} {Ul (@— a!) +m'(y-y)4nl(2—2)}. 

Let us now denote the angle between the axes of the two magnets by e, 
and the angles between the line joining the two magnets and the axes of the 
first and second magnets respectively by @ and 6’. Then 
cose =I1l'+mm' +n’, 
1 ' ' 

cos 0 me {l(@—a')+m(y—y')+n(e—2)}, 


008 == (wa) +m’ (y—y') +0! (2—-2)} 
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so that W can be expressed in the form 


Wes = (cos € —3 COS A COS’) .....ceceeceeen ees (354). 


If we take the line drawn from the first magnet to the second as pole in 
spherical polar coordinates, and denote the azimuths of the axes of the two 
magnets by w, y’, then the polar coordinates of the directions of the axes of 
the two magnets will be 0, y and 0’, \” respectively, and we shall have 


cos e = cos @ cos &” + sin @ sin @’ cos (Ww — W’). 


On substituting this value for cose in equation (354), we obtain 


W= a {sin 6 sin & cos (xv — yf’) — 2 cos 8 cos @} ...... (855). 


422. Knowing the mutual potential energy W, we can derive a know- 
ledge of all the mechanical forces by differentiation. For instance the 
repulsion between the two magnets, ze. the force tending to increase 7, is 


oW 
ealagh or 


ee {sin 6 sin & cos (yr — wy’) — 2. cos 8 cos 6'}. 


Thus, whatever the position of the magnets, the force between them 
varies as the inverse fourth power of the distance. . 


If the magnets are parallel to one another, @= 0’ and y=’, so that the 
repulsion 


= =o (sin? 6 — 2 cos? 6), 


Thus when 0=0, 2.¢. when the magnets lie along the line joining them, 


the force is an attractive force a . When @= = so that the magnets are 


at right angles to the line joining them, can la : 


In passing from the one position to the other the force changes from one of 
attraction to one of repulsion when sin? 0 —2cos?@=0, ie. when 6 = tan 1/2. 


The couples can be found in the same way. If is any angle, the couple 


tending to increase the angle y is oe or 


OS EE a , 
Sp ee ap’) — 2 cos 8 cos 6}, 


so that all the couples vary inversely as the cube of the distance, 
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For instance, taking y to be the same as yf, we find that the couple 
tending to rotate the first magnet about the line joining it to the second, 
in the direction of yw increasing 


sin @ sin & sin (wv — w’), 


so that this couple vanishes if either of the magnets is along the line joining 
them, or if they are in the same plane, results which are obvious enough 
geometrically, 


Potential Energy of a Shell in a Field of Force. 


423. Consider a shell of which the strength at any point is ¢, placed 
in a field of potential O. The element dS of the shell is a magnetic particle 
of strength ¢dS, so that its potential energy in the field of force will, by 
formula (353), be 


20 
gdS—s 


where ka denotes differentiation along the normal to the shell. Thus the 


potential energy of the whole shell will be 


Ag) 
w=|[ oo as En (356) 
If the shell is of uniform strength, this may be replaced by 
00, 
W=¢ Dy TTI t te eeseeeeeeeeeeees (3857). 


Since the normal component of force at a point just outside the shell 


on’ 
the surface integral of normal force taken over the positive face of the shell, 
and this again is equal to minus the number of unit tubes of force which 
emerge from the shell on its positive face. Denoting this number of unit 
tubes by nm, equation (357) may be expressed in the form 


W es Gitta fe soo hee Ne, (358). 


Here it must be noticed that we are concerned only with the original 
field before the shell is supposed placed in. position. Or, in other terms, the 
number 7 is the number of tubes which would cross the space occupied by 
the shell, if the shell were annihilated. Since the tubes are counted on the 
positive face of the shell, we see that » may be regarded as the number of 
unit tubes of the external field which cross the shell in the direction of its 
magnetisation, 


and on its positive face is — ie 1t 1s clear that | | ue dS is equal to minus 
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424. Consider a field consisting only of two shells, each of unit strength. 
Let n, be the number of tubes from shell 1 which cross the area occupied 
by 2, and let n, be the number of tubes from shell 2 which cross the area 
occupied by 1. The potential energy of the field may be regarded as being 
either the energy of shell 1 in the field set up by 2, or as the energy of 
shell 2 in the field set up by 1. Regarded in the first manner, the energy 
of the field is found to be —n,; regarded in the second manner, the energy 
is found to be —n,. Hence we see that n=n,. This result, which is 
of great importance, will be obtained again later (§ 446) by a purely 
geometrical method. 


Potential Energy of any Magnetised Body in a Magnetic Field of Force. 


425. Let J be the intensity of magnetisation and J, m, n the direction- 
cosines of the direction of magnetisation at any point a, y, z of a magnetised 
body, and let O be the potential, at this point, of an external field of magnetic 
force. The element dadydz of the magnetised body is a magnetic particle 
of strength Idxdydz, of which the axis is in the direction J, m,n. Thus its 
potential energy in the field of force is, by formula (353), 


QO 
faadyee (Smee) 


and by integration the potential of the whole magnet is 


00, 00, 00, 
[FCg+™ 3 +n =) dadyde, 


0 0Q, 0Q 
or [[|(4ggr+8G +H) eaves 


FORCE INSIDE A MAGNETISED Bony. 


426 So far the magnetic force has been defined and discussed only in 
regions not occupied by magnetised matter: it is now necessary to consider 
the more difficult question of the measurement of force at points inside a 
magnetised body. 


At the outset we are confronted with a difficulty of the same kind as 
that encountered in discussing the measurement of electric force inside a 
dielectric, on the molecular hypothesis explained in § 143. We found that 
the molecules of a dielectric could be regarded as each possessing two equal 
and opposite charges of electricity on two opposite faces. If we replace 
“electricity” by “magnetism” the state is very similar to what we believe 
to be the state of the ultimate magnetic particles. In the electric problem 
a difficulty arose from the fact that the electric force inside matter varied 
rapidly as we passed from one molecule to another, because the intensity of } 
the field set up by the charges on the molecules nearest to any point was 
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comparable with the whole field. A similar difficulty arises in the magnetic 
problem, but will be handled in a way slightly different from that previously 
adopted. There are two reasons for this difference of treatment—in the first 
place, we are not willing to identify the ultimate magnetic particles with 
the molecules of the matter, and in the second place, we are not willing to 
assume that the magnetism of an ultimate particle may be localised in the 
form of charges on the two opposite faces. We shall follow a method which 
rests on no assumptions as to the connection between molecular structure 
and magnetic properties, beyond the well-established fact that on cutting 
a magnet new magnetic poles appear on the surfaces created by cutting. 


427. One way of measuring the force at a point Q inside a magnet will 
be to imagine a cavity scooped out of the magnetic matter so as to enclose 
the point Q, and then to imagine the force measured on a pole of unit 
strength placed at Q. This method of measurement will only determine 
a definite force at Q if it can be shewn that the force is independent of 
the position, shape and size of the cavity, and this, as will be obvious from 
what follows, is not generally the case. 


428. Let us suppose that, in order to form a cavity in which to place 
the imaginary unit pole, we remove a small cylinder of magnetic matter, the 
axis of this cylinder being in the direction of magnetisation at the point. 
Let this cylinder be of length J and cross-section S, and let the intensity of 
magnetisation at the point be J. Let the size of the cylinder be supposed to 
be very great in comparison with the scale of molecular structure, although 
very small in comparison with the scale of variation in the magnetisation 
of the body. 

In steel or iron there are roughly 10¥ molecules to the cubic centimetre, so that a 
length of 1 millimetre may be regarded as large when measured by the molecular scale, 
although in most magnets the magnetisation may be treated as constant within a length 
of a millimetre, 

At a point near the centre of this cavity we are at a distance from the 
nearest magnetic particles, which is, by hypothesis, great compared with 
molecular dimensions. Hence, by § 416, we may regard the potential at 
points near the centre of the cavity as being that due to the following 
distributions of imaginary magnetic matter — 


I. A distribution of surface-density 14 +mB+n0, spread over the 
surface of every magnet. 
II. A distribution of volume-density ~ 
0A 0B 0 
~ (ie ay * ae) 
spread throughout the whole space which is occupied by magnetic matter 
after the cavity has been scooped out, 
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Ill. A distribution of surface-density 1A -+mB+n0, spread over the 
walls of the cavity. 


From the way in which the cavity has been chosen, it follows that 
1A +mB-+nC vanishes over the side-walls, and is equal to +JZ on the 
two ends. at 


The force acting on an imaginary unit pole placed at or near the 
centre of the cavity may be regarded as the force arising from these ° 
three distributions. 


429. The force from distribution III can be made to vanish by taking 
the length of the cavity to be .very great in comparison with the linear 
dimensions of its ends. For the ends of the cavity may then be treated as 
points, and the force exerted by either end upon a unit pole placed at the 
centre of the cavity will be 

ST 

CO 
and this will vanish if S is small compared with ? The resultant force will 
therefore arise solely from distributions I and II. 


The force arising from distribution II may be regarded as the force 
arising from a distribution of volume-density 
0A 0B aC 
pl ee rd 
spread throughout the whole of the magnetised matter, regardless of the 
existence of the cavity, together with a distribution of volume-density 


B 
ie (= 0 ae 


Oz Oy Oz 
spread through the space occupied by the cavity. The force from this 
latter distribution vanishes in the limit when the size of the cavity is 
infinitesimal, so that the force from distribution II may be regarded as 
that from a volume-density 
CAs, OB N00). - 
= (Ge tay tae) 
spread through all the original magnetised matter. 


We have now arrived at a force which is independent of the shape, size 
and position of the cavity, provided only that these satisfy the conditions 
which have already been laid down. This force we define to be the magnetic 
force, at the point under discussion, inside the magnetised body. 


430. In the notation of § 416, the force which has just been defined is 
due to a distribution of surface-density o, and a distribution of volume-density 
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p throughout the whole magnetised matter. The potential of these distribu- 


tions is . 
[[Zas+ [[Pacdyds 
Te 7c 


or Qo if we regard this as defined by equation (348). Thus, with this 
meaning assigned to Qe, the components of force at a point Q inside a 
_ magnetic body will be 
ee eee 
Ox ” oy ’ dz * 

At the same time it must be remembered that Qg has not been shewn to 
be the true value of the potential except-when the point Q is outside the 
magnetic matter. The true potential inside magnetised matter will vary 
rapidly as we pass from one magnetic particle to another. 


431. Let us next suppose that the length J of the cylindrical cavity is 
very small compared with the linear dimensions of an 
end. The force, as before, is that due to the distributions 
I, II and III of § 428. The force from distribution ITI, 
however, will no longer vanish, for this distribution con- 
sists of distributions +J over the ends of the cavity, 
and the force from these is not now negligible. From 
analogy with the distribution of electricity on a parallel plate condenser, it 
is clear that the force arising from distribution III is a force 47J in the 
direction of magnetisation. The forces from distributions I and II are 
easily seen to be the same as in the former case. Thus the force on a unit 
pole placed at a point @ inside a cavity of the kind we are now considering 
is the resultant of 


Fig. 108. 


(i) the magnetic force at Q, as defined in § 429, 

(ii) a force 47J in the direction of the intensity of magnetisation at Q. 

The resultant of these forces is called the magnetic induction at Q. 

432. The magnetic force will be denoted by H, and its components 
by a, B, ¥. 

The induction will be denoted by B, and its components by a, 8, c. 


We have seen that the force B is the resultant of a force H and a force 
4nI, The components of this latter force are 417A, 4B, 4arC. Hence we 
have the equations 
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433. Let us next consider the force on a unit pole inside a cylindrical 
cavity when the cavity is disc-shaped, as in § 431, but its 
axis is not in the direction of magnetisation. The force can, 
as in § 428, be regarded as arising from three distributions. 


Distributions I and II are the same as before, but 
distribution III will now consist of charges both on the 
end and on the side-walls of the cylinder. By making the 
length of the cylinder small in comparison with the linear 
dimensions of its cross-section, the force from the distri- 
bution in the side-walls can be made to vanish. And if @ is the angle 
between the axis of the cavity and the direction of magnetisation, the 
distribution on the ends is one of density +cos@. Thus the force arising 
from distribution III is a force 47Jcos@ in the direction of the axis of 
the cavity. 


Fic, 109. 


Thus the force on a pole placed inside this cavity may be regarded as 
compounded of the force H (arising from distributions I and II), and a force 
47J cos @ in the direction of magnetisation, arising from distribution ITI. 


Let ¢ be the angle between the direction of the force H and the axis of 
the cavity, then the component force in the direction of the axis of the cavity 


= H cose+ 4a cos 0. 


If J, m, n are the direction-cosines of this last direction, 
H cose=la+mB+ny, 
4a cos 0 = 4 (LA+ mB +n), 
so that, by equations (395), 
Heose + 4rI cos @=la+mb + ne. 
Thus the component of the force in the direction of the axis of the cavity 


is the same as the component, in the same direction, of the magnetic induc- 
tion, namely la + mb + ne. 


434. We are now ina position to understand the importance of the 
vector which has been called the induction. This arises entirely from the 
property of the inductign which is expressed in the following theorem : 


Turorem. The surface-integral of the normal component of imduction, 
taken over any surface whatever, vanshes, 


or in other words (cf. § 177), 


The induction is a solenoidal vector throughout the whole of the magnetic 
jield. 


25 
J. 
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To prove this let us take any closed surface S in the field, this surface 
cutting any number of magnetised bodies. Along those parts of the surface 
which are inside magnetic bodies, let us remove a layer of matter, so that the 
surface no longer actually passes through any magnetic.matter. 


Then by Gauss’ Theorem (§ 409), 
| NiS= 0,2... 6 ee ee (360), 


where WV is the component of force in the direction of the outward normal to 
S, acting on a unit pole placed at any point of the surface S. This force, 
however, is exactly identical with that considered in § 433, and its normal 
component has been seen to be identical with the normal component of the 
induction. Thus JV, in equation (860), will be the normal component of 
induction, so that this equation proves the theorem. 


Analytically, the theorem may be stated in the form 


| (lnsonbeatas BOM ee (361), 
and this, by Green’s Theorem (§ 179), is identical with 
da 0b oc 
eT ay age ee (362). 


435. Derinition. By a line of induction is meant a curve in the 


magnetic field such that the tangent at every point is in the direction of 
the magnetic induction at that point. 


DeFINITION. A tube of induction is a tubular surface of small cross- 
section, which 1s bounded entirely by lines of induction. 


By a proof exactly similar to that of § 409, it can be shewn that the 
product of the induction and cross-section of a tube retains a constant value 
along the tube. This constant value is called the strength of the tube. 


434-437 | Force inside a Magnetised Body 387 


In free space the lines and tubes of induction become identical with the 
lines and tubes of force, and the foregoing definition of the strength of a tube 


of induction is such as to make the strengths of the tubes also become 
identical. 


436. At any point of a surface let B be the induction, and let e be the 
angle between the direction of the induction and the normal to the surface. 
The aggregate cross-section of all the tubes which pass through an element 
dS of this surface is dS cos ¢, so that the aggregate strength of all these tubes 
is BcosedS. Since Bcose=WN, where N is the normal induction, this may 
be written in the form VdS. Thus the aggregate strength of the tubes of 
induction which cross any area is equal to 


i Nas. 


This, we may say, is the number of unit-tubes of induction which cross 
this area. 


The theorem that i NdS=0, 


where the integration extends over a closed surface, may now be stated in 
the form that the number of tubes which enter any closed surface is equal 
to the number which leave it. This is true no matter where the surface 
is situated, so that we see that tubes of induction can have no beginning 
or ending. 


437. Let us take any closed circuit s in space, and let n be the number 
of tubes of induction which pass through this circuit in a specified direction. 


Then n will also be the number of tubes which cut any area whatever 
which is bounded by the circuit s. If S is any such area, this number is 


known to be I N dS, where the integration is taken over the area S, so that 


w= |favas. 


The number n, however, depends only on the position of the curve s by 
which the area § is bounded, so that it must be possible to express m in a 
form which depends only on the position of the curve s, and not on the area S. 


In other words, it must be possible to replace i NV dS by an expression which 


depends only on the boundary of the area s. This we are enabled to do by 
a theorem due to Stokes. 


25—2 
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\ 


Stokes’ THEOREM. 


438. TurorEM. If X, Y, Zare continuous functions of position in space, 
then 


|(®$+ y9422) ds 


= [fii (F- ) + m(S-2) +n (FS )h as ...(868), 


where the line integral is taken round any closed curve in space, and the surface 
integral is taken over any area (or shell) bounded by the contour. 


Here 1, m, n are the direction-cosines of the normal to the surface. A 
rule is needed to fix the direction in which the normal is to be drawn. The 
following is-perhaps the simplest. Imagine the shell turned about in space 
so that the tangent plane at any point P is parallel to the plane of zy, and 
so that the direction in which the line integral.is taken round the contour 
is the same as that of turning from the axis of w to the axis of y. Then 
the normal at P must be supposed drawn in the direction of the positive 
axis of z. 


439. To prove the theorem, let us select any two points A, B on the 
contour, and let us introduce a quantity [ defined by 


(=/i (eRe vits 2%) as 


the path from A to B being the same as that followed in the integral of 
equation (363). Let us also introduce a quantity J equal to the same 


eS 


Lvs) 


ih 


> 


Fie. 111, 


integral taken from A to B, but along the opposite edge of the shell, Then 
the whole integral on the left of equation (868) is equal to J—J, 
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It will be possible to connect A and B by a series of non-intersecting 
lines drawn in the shell in such a way as to divide the whole shell into 
narrow strips. Let us denote these lines by the letters a, b, ... n, the lines 
being taken in order across the shell, starting with the line nearest to that 
along which we integrate in calculating Z. Let us denote the value of 


Be Oe dy. ,dz 
[, (x= + Poe+Zs) ds 


taken along the line a by Iq. 


Then the left-hand member of equation (863) 
=I-J 
= (f—I,)+ da— 1b) +(—-L.) +... + Za- J). 


Let us consider the value of any term of this series, say I, — Jy. 


Let us take each point on the line a and cause it to undergo a slight 
displacement, so that the coordinates of any point a, y, z are changed to 
e+éa, y+doy, 2+6z. If dx, dy, dz are continuous functions of a, y, z the 
result will be to displace the line a into some adjacent position, and by a 
suitable choice of the values of 62, dy, éz this displaced position of line a can 
be made to coincide with line 6. If this is done, it is clear that the value of 
I,, after replacing a, y, z by +62, y+ dy, 2+ 6z, will be I. Hence if we. 
denote this new value of I, by I, + J, we shall have 


I,+5l=h, 
so that I,-Lh=—6L 
Brae dy i paz 
=-3] (xF+ oe + 7)As, 


and the value of this quantity can be obtained by the ordinary rules of the 
calculus of variations. 


We have 
B dz : ee Fy le d 
s[ XGeds— | 8X dst (XG, (60) ds 


Brox ox OX da |- BdX » : 

= [> (Fe b+ ay 4 SE be) Fade | Xoo Pallets ads, 
B . 

and since Sa vanishes both at A and B, the term E be may be omitted, 


and the whole expression put equal to 


Bre el ta yz Bs de aX dy 2a) ae! ds, 
ipl 


es rata ds \@a ds * dy ds dz ds 
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or again, on simplifying, to 


aX /, de. dy\ aX da F 
i tag ae= at) = (0% ait =) 
This may be written in the form 
| m fe (syde andy = iene beda)| heat (364). 
A (oy Zz 


Fie. 112. 


Now in fig. 112, let P, Q, P’ be the points a, y,2;-a+da, y+ dy, 2+dz; 
and «+ 6a, y+ dy, z+6z. Let dS denote the area of the parallelogram 
PQQ'P’, and let 1, m, n be the direction-cosines of the normal to its plane. 
‘Then the projection of the parallelogram on the plane of ay will be of area 
ndS, while the coordinates of three of its angular points will be a, y; 2+dz, 
y+dy; and #+6x,y+éy. Using the usual formula for the area, we obtain 


ndS = (dydx — dady), 


and using this relation in care (364), we obtain 
af me = ds -((F nds —* m Te et a (365), 


the integral denoting summation over all those elements of area of the shell 
which lie between lines a and b. By summation of three equations of the 
type of (3865), we obtain 


B B 
pee -3/ x Fds—3/ yo ds—3 Z™ ae 
4. as ae 08 


-(\(F-2) tas (S—S) mas + (=~) nds, 

z 0a Ox Oy 
where the integration has the same meaning as before. If we add a system 
of equations of this type, one for each strip, the left-hand, as already seen, 
becomes J—J, which is equal to the left-hand member of equation (363), 
while the right-hand member of the new equation is also the right-hand 
member of equation (363). This proves the theorem. 
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440. Stokes’ Theorem can be readily expressed in a vector notation. If 
X, Y, Z are the components of any vector F, it is usual to denote by curl F 
the vector of which the components are __ 


Of) 0Y St0x 02) ay 0X 


Oye Oz’ 02. On? 02 dy ° 
Hence Stokes’ Theorem assumes the form 


| (component of F along ds) ds 
= i (components of curl F along normal to dS) dS. 


The theorem enables us to transform any line integral taken round a 
closed circuit into a surface integral taken over any area by which the circuit 
can be filled up. The converse operation of changing a surface integral into 
a line integral may or may not be possible. 


441. THEOREM. It will be possible to transform the surface integral 


i [eee TOR eras (366) 
into a line integral taken rownd the contour of the area S if, and only 1f, 
ow, ov dw 
oe of ay a ae Oc cececnasseninateseoeeetotces (367) 


at every point of the area S. 


It is easy to see that this condition is a necessary one. Let S’ denote any 
area having the same boundary as S, and being adjacent to it, but not 
coinciding with it. Then if J is the line integral into which the surface 
integral can be transformed, we must have 


Te i | Ce eras a ee (368), 


and also i= i | (Ua + my + 0’ W) AS" ce eecccrseeceeeees (369). 


On equating these two values for J we obtain an equation which may be 
expressed in the form 


|[cw + MU + NW) AS =O0....0.rcaveseeverrersees (870), 


where the integration is over a closed surface bounded by S and 8’, and 
l, m, n are the direction-cosines of the outward normal to the surface at any 
point. From equation (370), the necessity of condition (867) follows at once. 


Condition (367) is most easily proved to be sufficient by exhibiting an 
actual solution of the problem when this condition is satisfied. We have to 
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shew that, subject to condition (367) being satisfied, there are functions 
XA, Y, Z such that 


a _ oY _ 

oy OZ - 

0X OZ 

Bp ag UP eietretteeneseeseeeeee (871), 
OY 0X _ 

Oz «Oy 


for if this is so, the required line integral is | (LX +mY + nZ) ds. 
By inspection a solution of equations (371) is seen to be 
XxX = |vdz, Ss IMO. 9 LO a cee eee s (372), 


for it is obvious that the first two equations are satisfied, and on substituting 
in the third, we obtain 
OY Ox 5 Ou ov ke 
shewing that the proposed solution satisfies all ms conditions. 
442, The absence of symmetry from solution (872) suggests that this 
solution is not the most general solution. The most general solution can, 
however, be easily found. If we assume it to be 


Xadodeui\ s oY == del) 7 ee (373), 


then we find, on substitution in equations (371), that we must have 
Vie ONE On OF yaoi? OX, 
oy = Oz ’ az ed On. ’ On oer Oy eeoecesreesesese 


and if we introduce a new variable x defined by x= [ X’dz, we find at once 


that 
ere y’ 2x z' =X 


Ox oy’ dz’ 
so that the most general solution of equations (371) is 
= Otte ye ox ox 
X= [odes &, Y=—fude+, Fa Deon, (375). 


Substituting these values, the line integral is found to be 


J|(Joas) ae (Joe) a] ao + [ ae, 


and the condition that this shall be equal to the surface integral is that 
ies dx ds = 


or that y shall be single-valued. 
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Thus if y is any single-valued function, equations (375) represent a solu- 
tion, and the most general solution, of equations (371). 


VECTOR-POTENTIAL. 


448, The discussion as to the transformation from surface to line inte- 
grals arose in connection with the integral i i Nad8 or | i (la + mb + nc) dS, in 


which a, 6, ¢ are the components of magnetic induction. Since the condition 


da , ob 40 
Oa e ay oz : 
is satisfied throughout all space, it must always be een (cf. § 441) to 
transform the surface integral into a line integral by a relation of the form 


[a+ mb+ne)as= |(r = 2 4@S 41S) ds 


The vector of which the components are F’, G, H is known as the magnetic 
vector-potential. 


From what has been said in § 442, it is clear that the vector-potential is 
not fully determined when the magnetic field is given. On the other hand, 
if the vector-potential is given the magnetic field is fully determined, being 
given by the equations 


_2H 36 
Oy az 
oF off 
Faas ee wee were ees e seer sereoseeses (376) 
_aG_ oF 
~ Oa Oy 


We shall calculate some possible values of the components of vector- 
potential in a few simple cases. It must be remembered that the values 
obtained, although solutions of equations (376), will not be the most general 
solutions. 

Magnetic Particle. 


444, Let us first suppose that the field is produced by a single magnetic 
particle at the point a’, y’, 2’ in free space, parallel to the axis of z, Then, 


by equation (338), O= pu & (), so that at any point 2, y, 2, 


Beato Baer ayy 
am a= — Fo = — ware (=) =H 5eg r}? 


senga() oe) 
=Hsya3(¢)*  °= Pan G)* 


and similarly 


394 Permanent Magnetism [CH. XI 


The equations to be solved (equations (376)) are 
OH OG eae pee 8 
Oy oz ~ F oa02 \r)? 
i ae () 
dz oe * oydz \r/’ 
a | Oye (*) 
ax oy © az \r/? 


and the simplest solution, similar to that given by equations (372), is 


rnb 0), @a-nZ Ql), ano 


The components of vector-potential for a magnet parallel to the axes of 
a or y can be written down from symmetry. In terms of the coordinates 
a’, y', 2 of the magnetic particle, this solution may be expressed as 


rar), OanB(), ano 


445. Let us superpose the fields of a magnetic particle of strength ly 
parallel to the axis of a, one of strength mp parallel-to the axis of y, and 
one of strength nw parallel to the axis of z. Then we obtain the vector- 
oe at x, y, 2 due to a magnetic pase of strength w and axis (J, m, n) 
at wv’, y’, 2’ in the forms 


? Peck a. Oa 

0 O:\el a) OAnk 
@=—u(ng-t se) sae (mae! ap) 5 odslcie's (377). 
- 2 LNG ity [Sader eee 
H=— p(t gs —ms) =" (lap aman) 5 


The number of lines of induction which cross the circuit from a magnetic 
particle is (§ 437) 


| (re +G0 dy oH =) ds, 
which may be written in the form 
ds’ ds’ ds 
* i, mM, n ds, 
Zale) aya)? dee 


the integral being taken round the circuit in the direction determined by the 
rule given in § 438 (p. 388). 
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Uniform Magnetic Shell. 


446. Next let us suppose that the lines of force proceed from a uniform 
magnetic shell, supposed for simplicity to be of unit strength. Let I’, m’, n’ 
be the direction-cosines of the normal to any element dS’ of this shell. 
Then the element dS’ will be a magnetic particle of moment dS’ and of 
direction-cosines l’, m’, n’. The element accordingly contributes to F a term 
which, by equations (877), is seen to be 


(ww) 0) a 


where 2’, y’, 2’ are the coordinates of the element dS’. Thus the whole value 


of F' is 7={f . 2 ya me si 


This surface integral satisfies the aN of § 441, so that it must be 
possible to transform it into a line Sion of the form 


F=[(s5+9 9 +13 =) as". 
The equations giving f, g, h are 


oh fy 
ay “Cosma? 
59 ea (7) 
BRE ROME 
Ox’ Oy sy’ (3) 


Clearly a solution is 
fat, 9=0, h=0, 


” 


_so that on substitution the value of Fis 


lda’ ,, 

r=(2% 4 

Similarly a={- oe ds, 
aye 

H= aa 


Thus the number of tubes of induction crossing the circuit s from a 
magnetic shell of unit ae a bounded by the circuit s’, is given by 


n= (FS regs a) ds, 


* a dy dy’ , dz dz , 
oe males + a a 


396 Permanent Magnetism [CH. XI 


If ¢ is the angle between the two elements ds, ds’, the direction of these 
elements being taken to be that in which the integration takes place, then 


dada’ dydy’ . dz dz 


asd. weds ds’ Tas de 
so that i= i | — dsds’. 


From the rule as to directions given on p. 388, it will be clear that if the 
integration is taken in the same direction round both circuits, then the 
direction in which the m lines cross the circuit will be that of the direction 
of magnetisation of the shell. 


= COS €, 


Clearly n is symmetrical as regards the two circuits s and s’, so that we 
have the important result: 


The number of tubes of induction crossing the circuit s from a shell of unit 
strength bounded by the circuit s’ is equal to the number of tubes of induction 
crossing the circuit s' from a shell of unit strength bounded by the circuit s. 


Here: we have arrived at a purely geometrical: proof of the theorem 
already obtained from dynamical principles in § 424. 


ENERGY OF A MAGNETIC FIELD. 


447. Let a,b,c,...n be a system of magnetised bodies, the magnetisation 
of each being permanent, and let us suppose that the total magnetic field 
arises solely from these bodies. Let us suppose that the potential 0 at any 
point is regarded as the sum of the potentials due to the separate magnets. 
Denoting these by 04, 05, ... Qn, we shall have 


O=0,4+ Apt... + On. 


Let us denote the potential energy of magnet a, when placed in the field 
of force of potential QO, by O(a); if placed in the field of force arising from 
magnet 6 alone, by ©, (a), etc. 


Let us imagine that we construct the magnetic field by bringing up the 
magnets a, 6, c,...n in this order, from infinity to their final positions. 


We do no work in bringing magnet a into position, for there are no 
forces against which work can be done. After the operation of placing a in 
position, the potential of the field is Q,. The operation of bringing magnet 
a from infinity has of course been simply that of moving a field of force of 
potential ©, from infinity, where this same field of force had previously 
existed. 


On bringing up magnet 6, the work done is that of placing magnet b in 
a field of force of potential Q,. The work done is accordingly 0, (b). 
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The work done in bringing up magnet c is that of placing magnet cin a 
field of force of potential Og +0». It is therefore 0, (c) +5 (c). 
Continuing this process we find that the total work done, W, is given by 
W= OO (6) 
+ 04 (0) + 5 (0) 
+ Oq (d) + Oy (d) + O, (d) + ete. | 
If, however, the magnets had been brought up in the reverse order, we 
should have had 
W =) (a) + QO. (a) + Og (a) +... + On (a) 
+ O, (6) + Og (b) +... + On (6) 
+ 0q(c) +... + On (c) 


+ etc. 
so that by addition of these two values for W, we have 
2W= Oy (a) +O, (a) + Og (a) +... +. On (a) 
+0, (0) +O, (b) + O4a(b) +... +.On (0) 
+ Oa (c) + OD (c) + Oq(c) +... +O, (c) 
+ Og (d) + 0, (d) + 0, (d) +... +O (d+) 


+ etc. 


The first line is equal to (a) except for the absence of the term 0, (a), 
and so on for the other lines. Thus we have 
2W= O(a)—Og(a) 
+0, (b) — O, (0) + ete. 
ESD HOM (68 reek O18 CC) N gn coe AT eee eer Be (378). 


The quantity 0,(a), the potential energy of the magnet a@ in its own 
field of force, is purely a constant of the magnet a, being entirely independent 
of the properties or positions of the other magnets 6, c, d, ..... Thus in 
equation (378), we may regard the term O(a) as a constant, and may 
replace the equation by 

W =420 (a) + constant..........cceeeeeeeeeeee (379). 


448, If we take the magnets a, 6, c, ... n to be the ultimate magnetic 
particles, the values of Q,(a), 0, (0), ... etc. all vanish, and their sum also 
vanishes. Thus equation (379) assumes the form 


SCS CYTE pr a eee Oe te (380), 


where the standard configuration from which W is measured is one in which 
the ultimate particles are scattered at infinity. The value of 0 (q) for a 
single particle is (cf § 420) © 
00, oO, 00 
ni } 


m—+n— 
0z 


da * oy 
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On replacing » by Idadydz, we find for the energy of a system of 
magnetised bodies 


We a [[[70S+ m2 2D) dey 


-i[[(4gragreg ) dedyde s.eessenn (381), 


the integratign being taken throughout all magnetised matter. 


449, An alternative proof can be given of equations (380) and (881), 
following the method of § 106, in which we obtained the energy of a system 
of electric charges. 

Out of the magnetic materials scattered at infinity, it will be possible to 
construct n systems, each exactly similar as regards arrangement in space to 
the final system, but of only one-nth the strength of the final system. If n 
is made very great, it is easily seen a the work done in constructing a 


single system vanishes to the order of 5 ;» 80 that, in the limit when n is very 


great, the work done in constructing hi series of n systems is infinitesimal. 
Thus the energy of the final system may be ey as the work done in 
superposing this series of n systems. 

Let us suppose so many of the component Heike to have been super- 
posed, that the system in position is « times its final strength, where « 
is a positive quantity less than unity. The potential of the field at any 
point will be «Q. On bringing up a new system let us suppose that « is 
increased to «+d, so that the strength of the new system is dx times that 
of the final system. In bringing up the new system, we place a magnet of 
dx times the strength of a in a field of force of potential «2, and so on with — 
the other magnets. Thus the work done is 

d«.KQ.(a)+d«e.«02(b)+..., 


and on integration of the work performed, we obtain 
1 
W=| ede {O,(a) +.0.(b) +...} 
0 
= 3209 (a), 
agreeing with equation (380), and leading as before to equation (381). 


450. If the magnetic matter consists solely of normally magnetised 
shells, we may replace equation (381) by 


W= 3 [[[7Sasas, 


where ds denotes thickness and dS an element of area of a shell. Replacing 
Ids by ¢$, so that ¢ is the strength of a shell, we have 


w=33 | ec as 
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For uniform shells, ¢ may be taken outside the sign of integration, and 
the equation becomes 


W=45¢ [[T ds=—339n 


(cf. § 423), where n is the number of lines of induction which cross the shell. 


This calculation measures the energy from a standard configuration in 
which the magnetic materials are all scattered at infinity. To calculate 
the energy measured from a standard configuration in which the shells have 
already been constructed and are scattered at infinity as complete shells, we 
use equation (378), namely 


W=33(0 0% (a)}, 
from which we obtain W=42 i [¢° $5 eae) 


where = denotes the values ue at the surface of any shell if the shell itself 


is supposed annihilated. 


If all the shells are uniform, this may again be written 
Wikre AS eee Mea, cok teers = (382), 


where n’ is the number of tubes of force from the remaining shells, which 
cross the shell of strength ¢. An example of this has already occurred in 
§ 424, 


ENERGY IN THE MEDIUM. 


451. We have seen that the energy of a magnetic field is given by 
(cf. equation (881)) 


W=} [[](4 Se + BG +05) dedyde Te (388), 


the integration being taken over all magnetic matter. As a preliminary to 
transforming this into an integral taken through all space, we shall prove 
that 


I I | (aa + bB + cry) dadydz=0 ...ccrecereeereree (384), 


the integration being through all space. 
The integral on the left can be written as 


-f[[e +b 5" +07) dedyds 


and this, by Green’s Theorem, may be transformed into 


[joe ee +5) dedydz — [[ © (a+mb+no) a8, 
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the latter integral being taken over a sphere at infinity. Now at infinity QO 
is of the order of 2 (cf. § 67), while’ la+mb-+nc vanishes, and d§ is of 


the order of r?, so that the surface integral vanishes on passing to the limit 
r=0, Also the volume integral vanishes since 
da , a Ob dc 
Ox By t Oz 


and hence the theorem is proved. 


= 0, 


Replacing a, b, c by their values, as given by equations (359), we find that 
equation (384) becomes 


[f[e+re+” ELTON 4 |[{(Aa+ BB+ Cy) dadydz=0 ...(885). 


Both integrals are taken through all space, but since A=B=C=0 
except in magnetic matter, we can regard the latter integral as being taken 
only over the space occupied by magnetic matter. This integral is therefore 
equal, by equation (883), to — 2W, so that equation (385) becomes 


=— ~ | i (2+ B24 97) dardy de. .c.c.ccssceseeeee (386), 


the integral being taken through all space. 


This expression is exactly analogous to that which has been obtained for 
the energy of an electrostatic system, namely, 


=| (X?4 Y¥?+Z") dedydz. 


And, as in the case of an electrostatic system, equation (386) may be’ 
interpreted as meaning that the energy may be regarded as spread through 


the medium at a rate xe (a + 6? +”) per unit volume, 


TERRESTRIAL MAGNETISM. 


452. The magnetism of the earth is very irregularly distributed and is 
constantly changing. The simplest and roughest approximation of all to the . 
state of the earth’s magnetism is obtained by regarding it as a bar magnet, 
possessing two poles near to its surface, the position of these in 1906 being 
as follows: 

North Pole 70°30'N., 97°40’ W. 
South Pole* 73°39’S., 146°15’ E. 


Another approximation, which is better in many ways although still 
very rough, is obtained by regarding the earth as a uniformly magnetised 
sphere. 


* Sir E. Shackleton gives the position of the South Pole in 1909 as 72° 25’ §,, 155° 16’ EB 
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With the help of a compass-needle, it will be possible to find the 
direction of the lines of force of the earth’s field at any point. It will 
also be possible to measure the intensity of this field, by comparing it with 
known magnetic fields, or by measuring the force with which it acts on 
a magnet of known strength. 


453. At any point on the earth, let us suppose that the angle between 
the line of magnetic force and the horizontal is 6, this being reckoned 
positive if the line of force points down into the earth, and let the horizontal 
projection of the line of force make an angle § with the geographical 
meridian through the point, this being reckoned positive if this line points 
west of north. The angle @ is called the dip at the point, the angle 8 is 
called the declination. 


Let H be the horizontal component of force, then the total force may be 
regarded as made up of three components: 
X =H cos 6, towards the north, 
Y =H sin 6, towards the west, 
4 = H tan @, vertically downwards. 
If © is the potential due to the earth’s field at a point ot latitude J, 
longitude ), and at distance r from the centre, we have (cf. equations (331)) 
100, 1 00 00, 
r ol ~ peost en’? “or 


Analysis of Potential of Earth’s field. 


454. Since CQ is the potential of a magnetic system, the value of in 
regions in which there is no magnetisation must (by § 408) be a solution of 
Laplace’s equation, and must therefore (by § 233) be capable of expansion in 
the form : 


= (B44) OV + Sir 4 Sie +...) Paras Oe (388), 
in which S,, S), ... Sy, Sy, S.,... are surface harmonics, of degrees indicated 
by the subscripts. 


At the earth’s surface, the first term is the part of the potential which 
arises from magnetism inside the earth, while the second term arises from 
magnetism outside. 

The surface harmonic S, can, as in § 275, be expanded in the form 


Sr= = P® (sin l) (An,m Cos Mr + Bn,m 810 MN); 
m=0 
so that © can be put in the form 
a ooh (Fe (sin 1) 


Lae (An,m cos MX + Br, m sin mr) 
r 


+ fn P™ (sin 1) (A'n,m CoS MX + B’n, m Sin m)| : 
26 
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Hence from equations (387) we obtain the values of X, Y, Z at any point 
in terms of the longitude and latitude of the point and the constants such 
as Aan: Brms Aa} fess 


By observing the values of X, Y, Z at a great number of points, we 
obtain a system of equations between the constants Anm, ete, and on 
solving these we obtain the actual values of the constants, and therefore 
a knowledge of the potential as expressed by equation (388). 


If the magnetic field arose entirely from magnetism inside the earth, 
we should of course expect to find S/=8S,=...=0, while if the magnetic 
field arose from magnetism entirely outside the earth, we should find 
Sp = Oy eae 0: 


455. The results actually obtained are of extreme interest. The mag- 
netic field of the earth, as we have said, is constantly changing. In addition 
to a slow, irregular, and so-called “secular” change, it is found that there 
are periodic changes of which the periods are, in general, recognisable as 
the periods of astronomical phenomena. For instance there is a daily 
period, a yearly period, a period equal to the lunar month, a period of 
about 264 days (the period of rotation of the inner core of the sun*), 
a period of about 11 years (the period of sun-spot variations), a period of 
19 years (the period of the motion of the lunar nodes), and so on. Thus 
the potential can be divided up into a number of periodic parts and a 
residual constant, or slowly and irregularly changing, part. All the periodic 
parts are extremely small in comparison with the latter. It is found, on 
analysing the potentials of these different parts of the field, that the constant 
field arises from magnetisation inside the earth, while the daily variation 
arises mainly from magnetisation outside the earth. The former result 
might have been anticipated, but the latter could not have been predicted 
with any confidence. For the variation might have represented nothing 
more than a change in the permanent magnetism of the earth due to the 
cooling and heating of the earth’s mass, or to the tides in the solid matter of 
the earth produced by the sun’s attraction. 


This daily variation is not such as could be explained by the magnetism 
of the sun itself; Chreet has found that it cannot be explained by the - 
cooling and heating either of the earth’s mass, or of the atmosphere as 
suggested by Faraday. Balfour Stewart} put forward the hypothesis that the 
daily variation was due mainly to electric currents circulating in the upper 
atmosphere as a result of the electromotive forces induced by the convective 


* The outer surface of the sun is not rigid, and rotates at different rates in different latitudes. 
Thus it is impossible to discover the actual rate of rotation of the inner core except by such 
indirect methods as that of observing periods of magnetic variation. 

+ Roy. Soc. Phil. Trans., 202, p. 335. 

t Art. “Terrestrial Magnetism,” in the 9th Edn. of the Encye. Brit. (1882). 
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motion of the atmosphere across the earth’s magnetic field. This hypothesis 
was examined and developed by Schuster*, who examined the daily varia- 
tions by the method of harmonic analysis, already explained. Schuster found 
the origin of the magnetic field to be mainly external; he suggested also that 
the convection currents indicated by the diurnal Becomes changes were ulti- 
mately responsible for the phenomenon, and further found that a small part 
of the field must be attributed to origins inside the earth: these it was 
suggested might be a system of currents induced in the earth by the atmo- 
spheric currents above. 

Chapman+ has recently reexamined the question, sid obtains results in 
substantial agreement with Schuster’s theory. He finds that the contribution 
from inside the earth is about 28 per cent. of the total diurnal variation. It 
is supposed that the conducting layer in the upper atmosphere in which the 
induced currents flow is that of which we already have evidence in the pheno- 
menon of the bending of electromagnetic waves round the earth; this layer is 
also the seat of the aurora borealis. Chapman finds that the internal magnetic 
field of induced currents would be explained by assuming that, beneath an 
upper non-conductive layer of 150 or 200 miles depth, the earth has a specific 
resistance of about 4 x 107" c.G.s. units. 

Besides the variation just considered, there is found to be a lunar diurnal 
variation, of period equal to the apparent period of motion of the moon. This 
appears to be the result of a semi-diurnal tidal oscillation of the atmosphere 
the mechanism being otherwise similar to that already explained. 


456. The non-periodic part of the earth’s field is found to arise entirely 
so magnetism inside the earth, having a potential of the form 


Q _& —— nS oe ao (sin ad (An,m Cos mM + By m sin mr) 
n=1 m=0 pe 


This method of analysing the earth’s field is due to Gauss, who calculated 
the coefficients, with such accuracy as was then possible, for the year 1830. 
The most complete analysis of the field which now exists has been calculated 
by Neumayer for the year 1885, using observations of the field at 1800 
points on the earth’s surface. 

The first few coefficients obtained by Neumayer are as follows: 

A,,= ‘0248, 
Ay) = 3157 ieee eon 
Ag: =— 0498, A:,.=— 0057, 
B,, = 0130, By. =— ‘0126, 
A,,='0396, A,,=—°0279, As,=— ‘0033, 
Aumimnee oo =-0074, B,,=—-0004, B,,=—-0055, 
A,,=—'0306, Aso.=—'0198, Ay,="0068, A,.=— ‘0008, 
Loar ee =—‘0119, B,,= ‘0071, B,,="0051, B,,= 0010. 


* Phil. Trans. A, 180 (1889), p. 467, and A, 208 (1907), p. 163. 
+ Phil. Trans. A, 213 (1913), p. 279, and A, 218 (1919), p. 1. 


A,o= 0079 1 


26—2 
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457. The simplest approximation is of course obtained by ignoring all 
harmonics beyond the first. This gives as the magnetic potential 


o=4 {A,oP, (sin 1) +P} (sin) (A,,.6082+ By. sin »} 
=; {167 sin J + cos 1 (‘0248 cos A — 0608 sin ry} F 


The expression in brackets is necessarily a biaxial harmonic of order unity 
(cf. § 276); it is easily found to be equal to 3224 cosy, where y is the 
angular distance of the point (/, 4) from the point 


latz¥8°20' Ns longs G7bT Ws. ae aaa (389). 


The potential is now O = 3224 ese =, 


which is the potential of a uniformly saa essel sphere, having as direction 
of magnetisation the radius through the point (§ 415). Or again, it is the 
potential of a single magnetic particle at the centre of the earth, pointing 
in this same direction. It is naturally impossible to distinguish between 
these two possibilities by a survey of the field outside the earth. Green’s 
theorem has already shewn that we cannot locate the sources of a field 
inside a closed surface by a study of the field outside the surface. 


EXAMPLES. 


1, Two small magnets float horizontally on the surface of water, one along the 
direction of the straight line joining their centres, and the other at right angles to it. 
Prove that the action of each magnet on the other reduces to a single force at right angles 
to the straight line joining the centres, and meeting that line at one-third of its length 
from the longitudinal magnet. 


2. A small magnet ACB, free to turn about its centre C, is acted on by a small fixed 
magnet PQ. Prove that in equilibrium the axis ACB lies in the plane PQC, and that 
tan 6=—+tan 6’, where 6, @’ are the angles which the two magnets make with the line 
joining them, 


3, Three small magnets having their centres at the angular points of an equilateral 
triangle ABC, and being free to move about their centres, can rest in equilibrium with 
the magnet at A parallel to BC, and those at Band C respectively at right angles to 4B 
and AC. Prove that the magnetic moments are in the ratios 


V3:4:4 


4, The axis of a small magnet makes an angle @ with the normal toa plane. Prove 
that the line from the magnet to the point in the plane where the number of lines of 
force crossing it per unit area is a maximum makes an angle 6 Tes the axis of the 
magnet, such that 

2tan d=3 tan 2 (p— 6), 
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5. Two small magnets lie in the same plane, and make angles 6, 6’ with the line 
joining their centres. Shew that the line of action of the resultant force between them 
divides the line of centres in the ratio 


tan 6’+2 tan 6; tan +2 tan 6’ 


6. Two small magnets have their centres at distance r apart, make angles 6, 6’ with 
the lme joining them, and-an angle « with each other. Shew that the force on the first 
magnet in its own direction is 


smn 
rm (5 cos? 6 cos 6’ — cos 4’ — 2. cos € cos 6). 


Shew that the couple about the line joining them which the magnets exert on one 
another is 


, 
ee dsine, 
th 
where d is the shortest distance between their axes produced. 


7. Two magnetic needles of moments MU. JM’ are soldered together so that their 
directions include an angle a. Shew that when they are suspended so as to swing freely 
in a uniform horizontal magnetic field, their directions will make angles 6, 6’ with the 
lines of force, given by 


MM (M24 242MM’ cosa) 


8. Prove that if there are two magnetic molecules, of moments M/ and /&/’, with their 
centres fixed at A and B, where AB=r, and one of the molecules swings freely, while the 
other is acted on by a given couple, so that when the system is in equilibrium this 
molecule makes an angle 6 with AB, then the moment of the couple is 


38MM’ sin 26/r3 (3 cos? 6-+1)3, 
where there is no external field. 


9. ‘Two small equal magnets have their centres fixed, and can turn about them in a 
magnetic field of uniform intensity H, whose direction is perpendicular to the line r 
joining the centres. Shew that the position in which the magnets both point in the 
direction of the lines of force of the uniform field is stable only if 


H>3Mr. 


10. Two magnetic particles of equal moment are fixed with their axes parallel to the 
axis of z, and in the same direction, and with their centres at the points +a, 0,0. Shew 
that if another magnetic molecule is free to turn about its centre, which is fixed at the 
point (0, ¥, z), its axis will rest in the plane x=0, and will make with the axis of z the 
angle 
3YzZ 


-1 ee 
tan TA aisgi 


Examine which of the two positions of equilibrium is stable. 


11. Prove that there are four positions in which a given bar magnet may be placed 
so as to destroy the earth’s control of a compass-needle, so that the needle can point 
indifferently in all directions. If the bar is short compared with its distance from the 
needle, shew that one pair of these positions are about 1} times more distant than the 


other pair. 
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12. Three small magnets, each of magnetic moment y, are fixed at the angular points 
of an equilateral triangle 4 BC, so that their north poles lie in the directions AC, AB, BC 
respectively. Another small magnet, moment y’, is placed at the centre of the triangle, 
and is free to move about its centre. Prove that the period of a small oscillation is the 
same as that of a pendulum of length Jb°g/1/351yp’, where 6 is the length of a side of the 
triangle, and J the moment of inertia of the movable magnet about its centre. 


13. Three magnetic particles of equal moments are placed at the corners of an 
equilateral triangle, and can turn about those points so as to point in any direction in the 
plane of the triangle. Prove that there are four and only four positions of equilibrium 
such that the angles, measured in the same sense of rotation, between the axes of the 
magnets and the bisectors of the corresponding angles of the triangle are equal. Also 
prove that the two symmetrical positions are unstable. 


14. Four small equal magnets are placed at the corners of a square, and oscillate 
under the actions they exert on each other. Prove that the times of vibration of the 


principal oscillations are 
2 | Mked3 4 
4 maeriadah , 
2 { Mk?d? 2 
™ \m?(3—1/2./2)f >? 
2, 
Tee 
3m? d 
where m is the magnetic moment, and J//? the moment of inertia, of a magnet, and d is a 
side of the square. 


15. A system of magnets lies entirely in one plane and it is found that when the 
axis of a small needle travels round a contour in the plane that contains no magnetic 
poles, the needle turns completely round. Prove that the contour contains at least one 
equilibrium point. 


16. Prove that the potential of a body uniformly magnetised with intensity J is, at 
any external point, the same as that due to a complex magnetic shell coinciding with the 
surface of the body and of strength Jv, where # is a coordinate measured parallel to the 
direction of magnetisation. 


17. A sphere of hard steel is magnetised uniformly in a constant direction and a 
magnetic particle is held at an external point with the axis of the particle parallel to the 


direction of magnetisation of the sphere, Find the couples acting on the sphere and on 
the particle. 


18. A spherical magnetic shell of radius a is normally magnetised so that its strength 
at any point is S;, where S; is a spherical surface harmonic of positive order % Shew 
that the potential at a distance r from the centre is 


t+1 Ne 

—4r 41 S; (2) when r<a, 
A gyit1 

An (2) when r>a 


19. If a small spherical cavity be made within a magneti 
gnetised bod 
components of magnetic force within the cavity are ce a 


a+ A, B+B, y+$¢. 
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20. If the earth were a uniformly magnetised sphere, shew that the tangent of the 
dip at any point would be equal to twice the tangent at the magnetic latitude. 


21. Prove that if the horizontal component, in the direction of the meridian, of the 
earth’s magnetic force were known all over its surface, all the other elements of its 
magnetic force might be theoretically deduced. 


22, From the principle,that the line integral of the magnetic force round any circuit 
ordinarily vanishes, shew that the two horizontal components of the magnetic force at any 
station may be deduced approximately from the known values for three’ other stations 
which lie around it. Shew that these six known elements are not independent, but must 
satisfy one equation of condition. 


23. If the earth were a sphere, and its magnetism due to two small straight bar 
magnets of the same strength situated at the poles, with their axes in the same direction 
along the earth’s axis, prove that the dip 6 in latitude A would be given by 


ANG at r oA 
8 cot (8+ 3)—cot 5-6 tan 5 ~Stan 5° 


24, Assuming that the earth is a sphere of radius a, and that the magnetic potential 


© is represented by 
r PN re TO \ne cn One 


shew that © is completely determined by observations of horizontal intensity, declination 
and dip at four stations, and of dip at four more. 


25. Assuming that in the expansion of the earth’s magnetic potential the fifth and 
higher harmonics may be neglected, shew that observations of the resultant magnetic 
force at eight points are sufficient to determine the potential everywhere. 


26. Assuming that the earth’s magnetism is entirely due to internal causes, and that 
in latitude \ the northerly component of the horizontal force is A cosh+Bcos?A, prove 
that in this latitude the vertical component reckoned downwards is 


2(4+$B) sind - $8 sin*d, 


CHAPTER XII 


INDUCED MAGNETISM 


PHYSICAL PHENOMENA. 


458, REFERENCE has already been made to the well-known fact that 
a magnet will attract small pieces of iron or steel which are not themselves 
magnets. Here we have a phenomenon which at first sight does not seem 
to be explained by the law of the attractions and repulsions of magnetic 
poles. It is found, however, that the phenomenon is due to a magnetic 
“induction” of a kind almost exactly similar to the electrostatic induction 
already discussed. It can be shewn that a piece of iron or steel, placed in 
the presence of a magnet, will itself become magnetised. Temporarily, this 
piece of iron or steel will be possessed of magnetic poles of its own, and the 
system of attractions and repulsions between these and the poles of the 
original permanent magnet will account for the forces which are observed 
to act on the metal. 


It has, however, been seen that pairs of corresponding positive and 
negative poles cannot be separated by more than molecular distances, so 
that we are led to suppose that each particle of the body in which magnetism 
is induced must become magnetised, the adjacent poles neutralising one 
another as in a permanent magnet. 


Taking this view, it will be seen that the attraction of a magnet for an 
unmagnetised body is analogous to the attraction of an electrified body for 
a piece of dielectric (§ 197), rather than to its attraction for an uncharged 
conductor. The attraction of a charged body for a fragment of a dielectric 
has been seen to depend upon a molecular phenomenon taking place in the 
dielectric. Each molecule becomes itself electrified on its opposite faces, with 
charges of opposite sign, these charges being equal and opposite so that the 
total charge on any molecule is nil. In the same way, when magnetism is 
induced in any substance, each molecule of the substance must be supposed to 
become a magnetic particle, the total charge of magnetism on each particle 
being nil. It follows that the attraction of a magnet for a non-magnetic 
body is merely the aggregate of the attractive forces acting on the different 
individual particles of the body. 


459. Confirmation of this view is found in the fact that the intensity 
of the attraction exerted by a magnet on a non-magnetised body depends on 
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the material of the latter. The significance of this fact will, perhaps, best be 
realised by comparing it with the corresponding fact of electrostatics. When 
an uncharged conductor is attracted by a charged body, the phenomena in 
the former body which lead to this attraction are mass-phenomena: currents 
of electricity flow through the mass of the body until its surface becomes 
an equipotential. Thus the attraction depends solely upon the shape of 
the body and not upon its structure. On the other hand, the phenomena 
which lead to the attraction of a fragment of dielectric are, as we have seen, 
molecular phenomena. They are conditioned by the shape and arrangement 
of the molecules, with the result that the total force depends on the nature 
of the dielectric material. ° 


All magnetic phenomena occurring in material bodies must be molecular, 
as a consequence of the fact that corresponding positive and negative poles 
cannot be separated by more than molecular distances. Hence we should 
naturally expect to find, as we do find, that all magnetic phenomena in 
material bodies, and in particular the attraction of unmagnetised matter 
by a magnet, would depend on the nature of the matter. There would be 
a real difficulty if the attraction were found to depend only on the shape 
of the bodies. 


460. The amount of the action due to magnetic induction varies 
enormously more with the nature of the matter than is the case with the 
corresponding electric action. Among common substances the phenomenon 
of magnetic induction is not at all well-marked except in iron and steel. 
These substances shew the phenomenon to a degree which appears very 
surprising when compared with the corresponding electrostatic phenomenon. 
After these substances, the next best for shewing the phenomena of induction 
are nickel and cobalt, although these are very inferior to iron and steel. It 
is worth noticing that the atomic weights of iron, nickel and cobalt are very 
close together*, and that the three elements hold corresponding positions in 
the table of elements arranged according to the periodic law. 


It has recently been found that certain rare metals shew magnetic 
induction to an extent comparable with iron, and that alloys can be formed 
to shew great powers of induction although the elements of which these 
alloys are formed are almost entirely non-magnetic ft. 


It appears probable that all substances possess some power of magnetic 
induction, although this is generally extremely feeble in comparison with 
that of the substances already mentioned. In some substances, the effect 
is of the opposite sign from that in iron, so that a fragment of such matter 
is repelled from a magnetic pole. Substances in which the effect is of the 

* Tron=55'5, nickel=58°3, cobalt =58°56. 


+ For an account of the composition and properties of Heusler’s alloys, see a paper by 
J. C. McLennan, Phys. Review, Vol. 24, p. 449. 
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same kind as in iron are called paramagnetic, while substances in which the 
effect is of the opposite kind are called diamagnetic. 


The phenomenon of magnetic induction is much more marked in para- 
magnetic, than in diamagnetic, substances. The most diamagnetic substance 
known is bismuth, and its coefficient of susceptibility (§ 461, below) is only 


about a of that of the most paramagnetic samples of iron. 


Coefficients of Susceptibility and Permeability. 


461. When a body which possesses no permanent magnetism of its own 
is placed in & magnetic field, each element of its volume will, for the time it 
remains under the influence of the magnetic field, be a magnetic particle. 
If the body is non-crystalline the direction of the induced magnetisation at 
any point will be that of the magnetic force at the point. Thus if H denote 
the magnetic force at any point, we can suppose that the induced magnetism, 
of an intensity J, has its direction the same as that of H. 


Thus if a, 8, y are the components of magnetic force, and A, B, C the 
components of induced magnetisation, we shall have equations of the form 


A=ka 
B= | eS Sbiekeee cnet eae (390), 


the quantity « being the same in each equation because the directions of I 
and H are the same. 


The quantity « is called the magnetic susceptibility. 


If the body has no permanent magnetisation, the whole components of 
magnetisation are the quantities A, B, C given by equations (390), and the ~ 
components of induction are given (cf. equations (359)) by 

a=a+4rA=a(1+4rr), 
b=6+47B =68 (1+ 47x), 
c=yt4n0 = y (14+ 47x). 


If we put pe la Amin ian ekt.. ee (391), 

we have a= pe 
b= | sen vatrn vende vars ene aetcee tite (392), 

C= py 


and pu is called the magnetic permeability. 


462. The quantities « and w are by no means constant for a given 
substance. ‘Their value depends largely upon the physical conditions 
particularly the temperature, of the substance, upon the strength of the 
magnetic field in which the substance is placed, and upon the previous 
magnetic experiences of the substance in question. 
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We pass to the consideration of the way in which the magnetic coefficients 
vary with some of these circumstances. As « and wu are connected by a simple 
relation (equation (891)), it will be sufficient to discuss the variations of one 
of these quantities only, and the quantity » will be the most convenient for 
this purpose. Moreover, as the phenomenon of induced magnetisation is 
almost insignificant-in all substances except iron and steel, it will be sufficient 
to consider the magnetic phenomena of these substances only. 


463. Dependence of » on H. The way in which the value of w depends 
on # is, in its main features, the same for all kinds of iron. For small forces, 
# is a constant, for larger forces w increases, finally it reaches a maximum, 
and after this decreases in such a way that ultimately ~H approximates to 
a constant value, known as the “saturation” value. This is represented 
graphically in a typical case in fig. 113, which represents the results obtained 
by Ewing from experiments on a piece of iron wire. 


The abscissae represent values of H, the ordinate of the thick curve the 
value of wH, and the ordinate of the thin curve the value of w. The corre- 
sponding numerical values are as follows: 
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464. Retentiveness and Hysteresis. It is found that after the magnetising 
force is removed from a sample of iron, the iron still retains some of its mag- 
netism. Here we have a phenomenon similar to the electrostatic phenomenon 
of residual charge already described in § 397. 


Fig. 114 is taken from a paper by Prof. Ewing (Phil. Trans. Roy. Soc. 
1885). The abscissae represent values of H, and ordinates values of B, 
the induction. The magnetic field was increased from H=0 to H=22, 
and as H increased the value of B increased in the manner shewn by the 
curve OP of the graph. On again diminishing H from H=22 to H=0, the 
graph for B was found to be that given by the curve PH. Thus during this 
operation there was always more magnetisation than at the corresponding 
stage of the original operation, and finally when the inducing field was 
entirely removed, there was magnetisation left, of intensity represented by 
OF. The field was then further decreased from H=0 to H =— 20, and 
then increased again from H=—20 to H=22. The changes in B are 
shewn in the graph. ‘ 


Fie, 114, 


465. Dependence of » on temperature. As has already been said, the 
value of ~ depends to a large extent on the temperature of the metal.. In 
general, the value of » continually increases as the temperature is raised, this 
increase being slow at first but afterwards more rapid, until a temperature 
known as the “temperature of recalescence” is reached. This temperature 
has values ranging from 600° to 700° for steel and from 700° to 800° for iron. 
This temperature takes its name from the circumstance that a piece of metal 
cooling through this temperature will sink, to a dull glow before reaching it, 
and will then become brighter again on passing through it. 


After passing the temperature of recalescence, the value of w falls with 
extreme rapidity, and at a temperature only a few degrees above this~ 
temperature, iron appears to be almost completely non-magnetic, 
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For paramagnetic substances, it appears to be a general law that the 
susceptibility « varies inversely as the absolute temperature (Curie’s Law). 


MATHEMATICAL THEORY. 
466. If © is the magnetic potential, supposed to be defined at points 
inside magnetic matter by equation (348), we have, as in equations (341) 


(cf. § 430), aS etc., so that 


PRE Piegic, SeON aeeh M.eaD 
Oi at, Sel eie Ree ea eae 


Lhe quantities a, b, c, as we have seen (§ 434), satisfy 


da 0b ae 
oat a tee Oakes mth ea is wate t (393) 
at every point, and 
i | (lagers ne) dS 0. aree (394), 


where the integration is taken over any closed surface. In terms of the 
potential, equation (393) becomes 


Ou Gy 0) (  0OQ\8 0 /e0Q : 
sa (ae) tay (ay) tae (Ge) = oeweetrne eee (395), 
while equation (894) becomes 
00, 
i it dN Oak le acti ¥ (396). 
If » is constant throughout any volume, equation (895) becomes 
V70r= 0; 


Thus inside a mass of homogeneous non-magnetised matter, the magnetic 
potential satisfies Laplace’s Equation. 


467. At a surface at which the value of w changes abruptly we may 
take a closed surface formed of two areas fitting closely about an element dS 
of the boundary, these two areas being on opposite sides of the boundary. 
On applying equation (396), we obtain 


a2. =a 
Paro Ha 5 =O saaeeeceeeseesseeeecenenee (397), 


cose : an) 
where jn, M2 are the permeabilities on the two sides, and ay? By, denote 
differentiations with respect to normals to the surface drawn into the two 
media respectively. 
Equations (397) and (395) (or (396)), combined with the condition that 
Q must be continuous, suffice to determine Q uniquely. The equations 
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satisfied by ©, the magnetic potential, are exactly the same as those which 
would be gushed by V, the electrostatic potential, if ~ were the Inductive 
Capacity of a dielectric. Thus the law of refraction of lines of magnetic 
induction is exactly identical with the law of refraction of lines of electric 
force investigated in § 138, and figures (43) and (78) may equally well be 
taken to represent lines of magnetic induction passing from one medium to 
a second medium of different permeability. 


468. At any external point Q, the magnetic potential of the magnetisation 
induced in a body in which p and « have constant-values is, by equation (342), 


[42 @+2zG)+es 5) nave 


=—« {fF 2 (2) + ) + By (+ <(- *)} dedyde ...(398). 


Transforming by Green’s Theorem, 


[f0—- (CBee ont) as 
aren hee secteesennte (399), 


shewing that the potential is the same if there were a layer of magnetic 


matter of surface density —« ue spread over the surface of the body. This 


is Poisson’s expression for the potential due to induced magnetism. 


We can also transform equation 12.0) int 


= «fffov(2) (7) -«ffois ( 2 Jems (2) +2 (2)} as 
ol dS acy. a palga pater (400), 


shewing that the potential at any external point Q of the induced magnetism 
is the same as if there were a magnetic shell of strength —«Q coinciding 
with the surface of the body. 


Body in which permanent and induced magnetism coewist. 


469. If a permanent magnet has a permeability different from unity, we 
shall have a magnetisation arising partly from permanent and partly from 
induced magnetism. If « is the susceptibility and J the intensity of the 
permanent magnetisation at any point, the components of the total magnet- 
isation at any point will be 

A = Il sKa, tc , Ne ee. (401), 
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and the components of induction are 


G@=a+ SrA =4rI1 + pa, ete. ...ccccceececeeees (402). 


For such a substance, it is clear that equations (395) and (396) will not 
in general be satisfied. 


ENERGY OF A MAGNETIC FIELD. 


470. To obtain the energy of a magnetic field in which both permanent 
and induced magnetism may be present, we return to the general equation 
obtained in § 451, 


| (aa+bB+cy)dadydz=0 .......... bee ae (403): 


On substituting for a, b, c from equations (402), this becomes 


der [[[7qa+ en) dedyde + | {fu (a +B +5')dedyde=0 ...(404), 


Whether or not induced magnetism is present, it is proved, in § 448, that the 
energy of the field is 


oO. 6 a0 
waa f[r(iprme tas) dadydz, 


where the integral is taken through all space. This is equal to — =. times the 


, 


first term in equation (404). Thus 


= = i il | po (G2 + 9+ 2) dadyde ...cerceceovees (405). 


This could have been foreseen from analogy with the formula 
Wa | | | K (X24 ¥242)) didyda, 
7 
which gives the energy of an electrostatic field. 


From formula (405) we see that the energy of a magnetic field may be 


; af : 
supposed spread throughout the medium, at a rate ae per unit volume. 


MECHANICAL FORCES IN THE FIELD. 


471. The mechanical forces acting on a piece of matter in a magnetic 
field can be regarded as the superposition of two systems—first, the forces acting 
on the matter in virtue of its permanent magnetism (if any), and, secondly, 
the forces acting on the matter in virtue of its induced magnetism (if any). 


The problem of finding expressions for the mechanical forces in a magnetic 
field is mathematically identical with that of finding the forces in an electro- 
static field. This is the problem of which the solution has already been 
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given in § 196. The result of the analysis there given may at*once be 
applied to the magnetic problem. 
In equation (117), p. 175, we found the value of &, the 2-component of 
the mechanical force per unit volume, in the form 
o ACV fo Oat tek 
Pa 8a 0x Oa i sk 


A= 


To translate this result to the magnetic problem, we must regard p as 
specifying the density of magnetic poles, A must be replaced by H, the 
magnetic intensity, and K by yw, the magnetic permeability. Also the 
electrostatic potential V must be replaced by the magnetic potential O. We 
then have, as the value of & in a magnetic field, 


30 Hau 9 /H® 8 
& s oe) cr aia (406). 


Clearly the first term in the value of E is that arising from the per- 
manent magnetism of the body, while the second and third terms arise from 
the induced magnetism. The first term can be transformed in the manner 
already explained in the last chapter. It is with the remaining terms that 
we are at present concerned. These will represent the forces when no per- 
manent magnetism is present. Denoting the components of this force by 
B’, H’, Z’, we have 


Va ye 
Poe Sr Ba! On 


ee ee os 
= 8m 0x 0a 


Hou 3 (a an) 


Sar Or 


472. This general formula assumes a special form in a case which is of 
great importance, namely when the magnetic medium is a, fluid. 


All liquid magnetic media in which the susceptibility is at all marked 
consist of solutions of salts of iron, and the magnetic properties of the liquid 
arise from the presence of the salts in solution. According to Quincke, the 
solution having the greatest susceptibility is a solution of chloride of iron in 
methyl] alcohol, and for this the value of ~—1 is about z5,5*. In such a 
liquid, the field arising from the induced magnetism will be small compared 
with that arising from the original field, so that the magnetisation of any 
single particle of the salt in the solution may be regarded as produced 
entirely by the original field. Hence we have conditions similar to those 
which obtain electrostatically in a gas. The induced field may be regarded 
simply as the aggregate of the fields arising from the different particles of 
the magnetic medium, and is therefore jointly proportional to the density of 
these particles and to the strength of the inducing field. The latter fact 
shews that, for a given density of the medium, pw ought to be independent of 
H, a result to which we shall return later. The former fact shews that, as 


* Cf. G. T. Walker, ‘‘ Aberration” (Cambridge Univ. Press, 1900), p. 76. 
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the density 7 changes, 4 —1 ought to be proportional to r—a result analogous 
to the result that K—1 is proportional to the density ina gas. It has been 


found experimentally by Quincke* that ~—1 is approximately proportional 
to r. 


In gases we have conditions precisely similar to those which obtain when 
a gas is placed in an’ electrostatic field. Hence ~—1 must, for a gas, be 
proportional to 7, for exactly the same reason for which K—1 is proportional 
tor This result also has been verified by Quincke+. 


Thus we may say that for fluid media, whether liquid or gaseous, w—1 
is, in general, proportional to 7, where 7 is the density of the magnetic liquid, 
in the case of a liquid in solution, or of the gas itself, in the case of a gas, 


473. If we assume the relation 


| eae EES A pr erins OPP ARE PS tee mee: (408), 


where ¢ 1s a constant, we find that expression (407) may be put in the 
simpler form 


shewing that the whole mechanical force is the same as would be set up by a 


: x ; : —1 
hydrostatic pressure at every point of the medium of amount ee Se Jal 


If H varies from point to point of the field, the effect of this pressure will 
clearly be to urge the medium to congregate in the more intense parts of the 
field. This has been observed by Matteuccit for a medium consisting of 
drops of chloride of iron dissolved in alcohol placed in a medium of olive oil. 
The drops of solution were observed to move towards the strongest parts of 


the field. 


Magnetostriction. 


474. If a liquid is placed in a magnetic field, it yields under the 
influence of the mechanical forces acting upon it, so that we have a 
phenomenon of magnetostriction, analogous to the phenomenon of electro- 
striction already explained (§ 203). Clearly the liquid will expand until the 


—1 : 
pressure is decreased by an amount a H? at each point, the new pressure 


and the mechanical forces resulting from the magnetic field now producing 
equilibrium in the fluid. By measuring the expansion of a liquid placed in 
a magnetic field Quincke has been able to verify the agreement between 
theory and experiment. 

* Wied. Ann. 24, p. 347. + Wied. Ann. 34, p. 401. 


£ Comptes Rendus, 36, p. 917. - 
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MOLECULAR THEORIES. 
Poisson’s Molecular Theory of Induced Magnetism. 


475. In Chapter v it was found possible to account for all the electro- 
static properties of a dielectric by supposing it to consist of a number of 
perfectly conducting molecules. Poisson attempted to apply a similar 
explanation to the phenomenon of magnetic induction. 


Poisson’s theory can, however, be disproved at once, by a consideration of 
the numerical values obtained for the permeability ». This quantity is 
analogous to the quantity K of Chapter V, so that its value may be estimated 
in terms of the molecular structure of the magnetic matter. The fact with 
respect to which Poisson’s theory breaks down is the existence of substances 
(namely, different kinds of soft iron) for which the value of mw is very large. 
To understand the significance of the existence of such substances, let us 
consider the field produced when a uniform infinite slab of such a substance 
is placed in a uniform field of magnetic force, so that the face of the slab is 
at right angles to the lines of force. If the value of uw is very large, the fall 
of potential in crossing the slab is very small. ‘Throughout the supposed 
perfectly-conducting magnetic molecules the potential would, on Poisson’s 
theory, be constant, so that the fall of potential could occur only in the 
interstices between the molecules. In these interstices (cf. fig. 46), the fall of 
potential per unit length would be comparable with that outside the slab. 
Hence a very large value of 4 could be accounted for only by supposing the 
molecules to be packed together so closely as to leave hardly any interstices. 
Samples of iron can be obtained for which p is as large as 4000; it is known, 
from other evidence, that the molecules of iron are not so close together that 
such a value of » could be accounted for in the manner proposed by Poisson. 


It is worth noticing, too, that Poisson’s theory does not seem able, without 


modification, to give any reasonable account of the phenomena of saturation, 
hysteresis, etc. 


Weber's Molecular Theory of Induced Magnetism. 


476. A theory put forward by Weber shews much more ability than 
the theory of Poisson to explain the facts of induced magnetism. 


Weber supposes that, even in a substance which shews no magnetisation, 
every molecule is a permanent magnet, but that the effects of these different 
magnets counteract one another, owing to their axes being scattered at 
random in all directions. When the matter is placed in a magnetic field 
each molecule tends, under the influence of the field, to set itself so that 
its axis is along the lines of force, just as a compass-needlé tends to set 
itself along the lines of force of the earth’s magnetic field, The axes of the 
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molecules no longer point in all directions indifferently, so that the magnetic 
fields of the different molecules no longer destroy one another, and the body 
as a whole shews magnetisation. This, on Weber's theory, is the magnetisa- 
tion induced by the external field of force. 


‘Weber supposes that each molecule, in its normal state, is in a position 
of equilibrium under the influence of the forces from all the neighbouring 
molecules, and that when it is moved out of this position by the action of 
an external magnetic field, the forces from the other molecules tend to 
restore it to its old position. It is, therefore, clear that so long as the 
external field is small, the angle through which each axis is turned by the 
action of the field will be exactly proportional to the intensity of the field, 
so that the magnetisation induced in the body will be just proportional to 
the strength of the inducing field. In other words, for small values of H, 
# must be independent of H. 


There is, however, a natural limit imposed upon the intensity of the 
induced magnetisation. Under the influence of a very intense field all the 
molecules will set themselves so that their axes are along the lines of force. 
The magnetisation induced in the body is now of a quite definite intensity, 
and no increase of the inducing field can increase the intensity of the 
induced magnetisation beyond this limit. Thus Weber’s theory accounts 
quite satisfactorily for the phenomenon of saturation, a phenomenon which 
Poisson’s theory was unable to explain. 


477. In connection with this aspect of Weber's theory, some experi- 
ments of Beetz are of great importance. A narrow line was scratched in 
a coat of varnish covering a silver wire The wire was placed in a solution 
of a salt of iron, arranged so that iron could be deposited electrolytically 
on the wire at the points at which the varnish had been scratched away. 
The effect was of course to deposit a long thin filament of iron along the 
scratch. If, however, the experiment was performed in a magnetic field 
whose lines of force were in the direction of the scratch, it was found not 
only that the filament of iron deposited on the wire was magnetised, but 
that its magnetisation was very intense. Moreover, on causing a powerful 
magnetising force to act in the same direction as the original field, it was 
found that the increase in the intensity of the induced magnetisation was 
very small, shewing that the magnetisation had previously been nearly at 
the point of saturation. 


Now if, as Weber supposed, the molecules of iron were already magnets 
before being deposited on the silver wire, then any magnetic force sufficient 
to arrange them in order on the wire ought to have produced a filament in 
a state of magnetic saturation, while if, as Poisson supposed, the magnetism 
in the molecules was merely induced by the external magnetic field, then 
the magnetisation of the filament ought to have been SR ie the 

7—2 
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original field, and ought to have disappeared when the field was destroyed. 
Thus, as between these two hypotheses, the experiments decide conclusively 
for the former. . 


478. Weber's theory is illustrated by the following analysis. 


Consider a molecule which, in the normal state of the matter, has 
its axis in the direction OP, and let 
the field of force from the neigh- 
bouring molecules be a field of in- P 
tensity D, the direction of the lines 
of force being of course parallel to 
OP. Now let an external field of gp A 
intensity H be applied, its direction 
being a direction OA making an 
angle a with OP.. The total field 
acting on the molecule is now com- 
pounded of D along OP and H 
along OA. Fia. 115. 


In fig. 115, let SO, OP represent H and D in magnitude and direction, 
then SP will represent the resultant field, so that the new direction of the 
axis of the molecule will be SP. Suppose that there are m molecules per 
unit volume, each of moment m. Originally, when the axes of the molecules 
were scattered indifferently in all directions, the number for which the 
angle a had a value between a and a + da was $nsinada. These molecules 
now have their axes pointing in the direction SP, and therefore making an 
angle PSA (= 9, say) with the direction of the external magnetic field. The 
aggregate moment of all these molecules resolved in the direction of OA is 
accordingly 

+mn sin a cos 6da, 


and on integration the aggregate moment of all the molecules per unit 
volume, which is the same as the intensity of the induced magnetisation J, 
is given by 


be | ae FMM BUYS COBOOG cree eo rhce ees eee (409). 


a=0 


If Rf is the value of SP, measured on the same scale on which SO and OP 
represent H and D respectively, then 


R= H?+ D?—2HD cosa. 


so that, on changing the variable from a to R, we must have the relation, 
obtained by differentiation of the above equation, 


RdR= HD sin ada. 
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R te HY? - D2 
We also h = —S 
. e also have : cos 6 RH ; 
so that equation (409) becomes 
= R? = Ht i D? 


In fig. 115 the limits of integration for R are R= D+ H and R=D-H. 
If, however, H > D, then the point S falls outside the circle APB and the 
limits for R are R=D+H and R=H-—D. 


On integrating, we find as the values of J, 


when X < D, I=3mn5, 

ee I =3mn, 

ead i) T=mn(1-%), 
» A=O, I=mn. 


H 


Fie. 116. 


In fig. 116, the abscissae represent values of H, the ordinates of the 
thick curve the values of J, and the ordinates of the dotted curve the 
values of B or wH, drawn on one-tenth of the vertical scale of the graph 
for I 


Maawell’s Molecular Theory of Induced Magnetism. 


479. It will be seen that Weber's theory fails to account for the 
increase in the value of » before J reaches its maximum, and also that 
it gives no account of the phenomenon of retentiveness. Maxwell has 
shewn how the theory may be modified so as to take account of these 
two phenomena. He supposes that, so long as the forces acting on the 
molecules are small, the molecules experience small deflexions as imagined 
by Weber, but that as soon as these deflexions exceed a certain amount, 
the molecules are wrenched away entirely from their original positions 
of equilibrium, and take up positions relative to some new position of 
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equilibrium, It might be, for instance, that originally the molecule had two 
possible positions of equilibrium, OP and OQ in fig. 117. Suppose the 
molecule to be in position OP and to be 
acted upon by a gradually increasing force 
in some direction OA. At first the molecule 
will turn from the position OP towards OA. 
But it may be that, as soon as the molecule 
passes some position OR, it suddenly swings 
round and takes up a position in which it 
must be regarded as being deflected from the position of equilibrium OQ and 
not from OP. Let its new position be OS, then the deflexion produced is 


the angle SOP instead of the angle ROP which would be given by Weber’s 
theory. 


In Maxwell’s original discussion, no distinction was made between the 
position OR, at which the magnet broke away from its old position of equi- 
librium, and OS, the new position of equilibrium. Maxwell accordingly had to 
assume that in some unknown way, the force of restitution broke So as 
soon as the magnet reached the position OR. 

The improvement of distinguishing between the position OR, the limit of 
stability under the old position of equilibrium, and OS, the new position of 
equilibrium, was introduced by Ewing. In Ewing’s form of the theory, no 
forces are needed beyond those provided by the mutual action of the magnets 
upon one another. 

On either form of the theory, it is clear that the ratio of I to A will 
remain approximately constant until the molecules begin to break away from 
their original positions of equilibrium. As soon as this happens, the induced 
magnetism will increase more rapidly than the inducing force—ze. uw will 
increase with H, in agreement with observation. 

If the magnetising force is now removed, the molecule in the position 
OS will not return to its original position OP, but to the position OQ. It 
will therefore still have a deflexion QOP, called by Maxwell its “ permanent 
set,” and this will account for the “retentiveness” of the substance. 

No molecular theory of this kind can, however, be regarded as at all 
complete. We shall return to the discussion of molecular theories of magne- 
tism in Chapter XVI. 


Fie. 117. 


EXAMPLES. 


1. A small magnet is placed at the centre of a spherical shell of radii a and 6. 
Determine the magnetic force at any point outside the shell. 


2. A system of permanent magnets is such that the distribution in all planes parallel 
to a certain plane is the same. Prove that if a right circular solid cylinder be placed in 
the field with its axis perpendicular to these planes, the strength of the field at any point 
inside the cylinder is thereby altered in a constant ratio. 
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3. A magnetic particle of moment m lies at a distance a in front of an infinite block 
of soft iron bounded by a plane face, to which the axis of the particle is perpendicular. 
Find the force acting on the magnet, and shew that the potential energy of the system is 

~ m? (p= 1)/8a (p +1). 

4. The whole of the space on the negative side of the yz plane is filled with soft iron, 
and a magnetic particle of moment m at the point (a, 0, 0) points in the direction 
(cosa, 0, sina). Provethat the magnetic potential at the point 2, y, z inside the iron is 

_2m zsina—(a—.x) cosa 
lt+p {(a-2P+y+2}3 * 

5. A small magnet of moment J is held in the presence of a very large fixed mass of 
soft iron of permeability » with a very large plane face: the magnet is at a distance a 
from the plane face and makes an angle 6 with the shortest distance from it to the plane. 
Shew that a certain force, and a couple 

(u—1) M* sin 6 cos 6/8 (u+1) a3, 
are required to keep the magnet in position. 


6. A small sphere of radius 6 is placed near a circuit which, when carrying unit 
current, would produce a field of strength H at the point where the centre of the sphere is 
placed. Shew that if « is the coefficient of magnetic induction for the sphere, the presence 
of the sphere increases the self-induction of the wire by, approximately, 

87 b3x (3+27K) H? 
(8+4rk)? : 

7. If the magnetic field within a body of permeability » be uniform, shew that any 
spherical portion can be removed and the cavity filled up with a concentric spherical 
nucleus of permeability p, and a concentric shell of permeability py, without affecting the 
external field, provided pu lies between p, and pe, and the ratio of the volume of the nucleus 
to that of the shell is properly chosen. Prove also that the field inside the nucleus is 
uniform, and that its intensity is greater or less than that outside according as p is greater 
or less than py. 

8 Asphere of radius a has at any point (x, y, z2) components of permanent magneti- 
sation (Pz, Qy, 0), the origin of coordinates being at its centre. It is surrounded by a 
spherical shell of uniform permeability p, the bounding radii being @ and 6. Determine 
the vector potential at an outside point. : 

9, A sphere of soft iron of radius @ is placed in a field of uniform magnetic force 
parallel to the axis of z. Shew that the lines of force external to the sphere lie on surfaces 
of revolution, the equation of which is of the form 

{1 e 2(n—-1) (2) (a? +42) =cons 
pb 7) r é "3 
y being the distance from the centre of the sphere. 

10. A sphere of soft iron of permeability » is introduced into a field of force in which 
the potential is a homogeneous polynomial of degree 7 in x, y, 2. Shew that the potential 
inside the sphere is reduced to its original value multiplied by 

2Qn+1 
minal 

11. If a shell of radii a, 6 is introduced in place of the sphere in the last question, 
shew that the force inside the cavity is altered in the ratio 


Qn+1 


n+ UE a: (mp tm+l) (ma tntp)—n(n+1)(u-1 (5) 
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12. An infinitely long hollow iron cylinder of permeability p», the cross-section being 
concentric circles of radii a, 0, is placed in a uniform field of maguetic force the direction 
of which is perpendicular to the generators of the cylinder. Shew that the number of 
lines of induction through the space occupied by the cylinder is changed by inserting the 
cylinder in the field, in the ratio 

62 (w+ 1)2— a2 (u— 1)? : 2p {0? (p41) — a? (u—1)}. 
13. A cylinder of iron of permeability » has for cross-section the curve 
r=a(1+ecos 26), 
where e? may be neglected. Find the distribution of potential when the cylinder is placed 
in a field of force of which the potential before the introduction of the cylinder was 


Q=Axry 
14, An infinite elliptic cylinder of soft iron is placed in a uniform field of potential 


ee: 
—(Xaz+ Vy), the equation of the cylinder being _ +7-1 Shew that the potential of 


the induced magnetism at any internal point is 
6 © a a 
15. A solid elliptic cylinder whose equation is £=a given by 
a +t =c cosh (€+%n) 
is placed in a field of magnetic force whose potential is A (v?—y?). Shew that in the 
space external to the cylinder the potential of the induced magnetism is 
— Ac? cosech 2 (a+) sin 4a 62-8 -#) cos 2n, 
where coth 28 is the permeability. 


16. <A solid ellipsoid of soft iron, semi-axes a, b, ¢ and permeability p, is placed in a 
uniform field of force X parallel to the axis of #, which is the major axis. Verify that the 
internal and external potentials of the induced magnetisation are 


OI Ara X= PA, 
where OM erie a 4 | aoa 
0 +p iP+ye(e+yr’ A(P+V)i (P+ yp) (+p) 
P=(p—1) X{(u—-1) Ay +2 (abe) 7}, 
ana ) is the parameter of the confocal through the point considered. 
17. A unit magnetic pole is placed on the axis of z at a distance f from the centre of 


a sphere of soft iron of radius a. Shew that the potential of the induced magnetism at 
any external point is 


1 
w fl a 
_lp-la it? dtdé 
ese ae 


where z, w are the cylindrical coordinates of the point. Find also the potential at an 
internal point. 


18, A magnetic pole of strength m is placed’in front of an iron plate of permeability 
pand thickness ¢. If this pole be the origin of rectangular coordinates x, y, and if x be 
perpendicular and y parallel to the plate, shew that the potential behind the plate is 
given by 
© e- xt Jy (yt) dt 


ye — p2e~ 20 , 


where p= fat 


o=m(1—p%) | i 


CHAPTER XIII 
THE MAGNETIC FIELD PRODUCED BY ELECTRIC CURRENTS 


EXPERIMENTAL Basis. 


480. So far the subjects of electricity and magnetism have been developed 
as entirely separate groups of physical phenomena. Although the mathe- 
matical treatment in the two cases has been on parallel lines, we have not 
had occasion to deal with any physical links connecting the two series of 
phenomena. 


The first definite link of the kind was discovered by Oersted in 1820. 
Oersted’s discovery was the fact that a current of electricity produced a 
magnetic field in its neighbourhood. 


The nature of this field can be investigated in a simple manner. We 


first double back on itself a wire in which a ail 

a current is flowing (fig. 118, 1). It is ae 

found that no magnetic field is produced. (1) 
Next we open the end into a small 

plane loop PQRS (fig. 118, 2). It is found o peed 

that at distances from the loop which are a I 

great compared with its linear dimensions, 

such a loop exercises the same magnetic (2) 

forces as a magnetic particle of which the aur 


axis is perpendicular to the plane PQRS, 

and the moment is jointly proportional to the strength of the current and 
to the area PQRS The single current flowing in the circuit OPQRST is 
obviously equivalent to two currents of equal strength, the one flowing in 
the. circuit OPST obtained by joining the points P and S, and the other 
flowing in the closed circuit PQRSP. The former current is shewn, by 
the preliminary experiment, to have no magnetic effects, so that the whole 
magnetic field may be ascribed to the small closed circuit POLS. 


426 The Magnetic Field produced by Electric Currents | CH. XI 


481. Instead of regarding this field as due to a particle of moment jointly 
proportional to the area PQRS and to the current-strength, we may regard 
it as due to a small magnetic shell, coinciding with the area PQRS, and of 
strength simply proportional to the current flowing in PQRS. 


482. Next, let us consider the current flowing in a closed circuit of any 
shape we please, and not necessarily in 
one plane. Let us cover in the closed 
circuit by an area of any kind having the 
circuit for its boundary, and let us cut 
up this area into infinitely small meshes 
by two systems of lines. A current of 
strength 7 flowing round the boundary 
circuit, is exactly equivalent to a current 
of strength 7 flowing round each mesh in 
the same direction as the current in the 
boundary. For, if we imagine this latter 
system of currents in existence, any line 
such as AB in the interior will have two currents flowing through it, one 
from each of the two meshes which it separates, and these currents will 
be equal but in opposite directions. Thus all the currents in the lines 
which have been introduced in the interior of the circuit annihilate one 
another as regards total effect, while the currents in those parts of the 
meshes which coincide with the original circuit just combine to reproduce 
the original current flowing in this circuit. 


Fic. 119. 


Thus the original circuit is equivalent, as regards magnetic effect, to a 
system of currents, one in each mesh. By taking the meshes sufficiently 
small, we may regard each mesh as plane, so that the magnetic effect of a 
current circulating in it is known: the magnetic effect of the current in a 
single mesh is that of a magnetic shell of strength proportional to the current 
and coinciding in position with the mesh. Thus, by addition, we find that 
the whole system of currents produces the same magnetic effects as a single 
magnetic shell coinciding with the surface of which the original current- 
circuit is the boundary, and of strength proportional to the current. This 
shell, then, produces the same magnetic effect as the original single current. 
The magnetic shell is spoken of as the “ equivalent magnetic shell.” 


Thus we have obtained the following result: 


“A current flowing in any closed circuit produces the same magnetic field 
as a certain magnetic shell, known as the ‘equivalent magnetic shell’ This 
shell may be taken to be any shell having the cirewit for its boundary, its 
strength being uniform and proportional to that of the current.” 
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Law of Signs. If an observer is imagined to stand on that side of the 
“equivalent magnetic shell” which contains the negative poles, the current 
flows round him in the same direction as that in which the sun moves round 
an observer standing on the earth’s surface in the northern hemisphere. 


We can also state the law by saying that to drive an ordinary right- 
handed screw (e.g. a cork-screw) in the direction 
of magnetisation of the shell, the screw would 
have to be turned in the direction of the 
current. 


The law of signs expresses a fact of nature, not a 
mathematical convention. At the same time, it must be 
noticed that the law does not express that nature shews 
any preference in this respect for right-handed over left- 
handed screws. Two conventions have already been made 
in deciding which are to be called the positive directions 
of current and of magnetisation, and if either of these 
conventions had been different, the word “right-handed” in the law of signs would have 
had to be replaced by “left-handed.” 


Direction of Magnetisation 
of equivalent shell. 


Fie, 120. 


483. Since, by § 346, any system of currents can be regarded as the 
superposition of a number of simple closed currents, it follows that the 
magnetic field produced by any system of currents can always be regarded as 
that produced by a number of magnetic shells, each of uniform strength. 


Electromagnetic Unit of Current. 


484. If7 is the strength of the current flowing in a circuit, and ¢ the 
strength of the equivalent magnetic shell, then 


= ki, 
where & is a constant, which is positive if the law of signs just stated has 
been obeyed in determining the signs of ¢ and 2. 


In the system of units known as Electromagnetic, we take &=1, and 
define a unit current as one such that the equivalent magnetic shell is of 
unit strength.: The strength of a current, in these units, is therefore 
measured by its magnetic effects. Obviously the strength measured in this 
way will be entirely different from the strength measured by the number of 
electrostatic units of electricity which passa given point. This latter method 
of measurement is the electrostatic method. A full discussion of systems of 
units will be given later (§ 585); at present it may be stated that a current 
which is of unit strength when measured electromagnetically in C.G.s. units is 
of strength 8 x 10” (very approximately) when measured electrostatically. The 
practical unit of current, the ampére, is, as already stated, equal to 3 x 10° 
electrostatic units of current, so that the electromagnetic unit of current is 


equal to 10 amperes. 
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A unit charge of electricity in electromagnetic units will be the amount 
of electricity that passes a fixed point per unit time in a circuit in which an 
electromagnetic unit of current is flowing. It is therefore equal to 3 x 10” 
electrostatic units. 


WoRK DONE IN THREADING A CIRCUIT. 


485. In fig. 121 let the thick line represent a circuit in which a current 
isflowing,andletthethinlinethrough eee 
the point P represent the outline of Ey Pp BK 
any equivalent magnetic shell, P| \ 
being any point in the shell. Let us / 4 
imagine that we thread the circuit by } ii a 1a a ae 
any closed path beginning and ending i Sk ei 


at P, this path being represented by 


the dotted line in the figure. At every zee vP 
point of this path except P, we have a es 
full knowledge of the magnetic forces, - Fie. 121, 


It will be convenient to regard the shell as ee a definite, although 
infinitesimal, thickness at P. Let R., P. denote the points in 
which the path intersects the positive and negative faces of the . 
shell. Then we may say that the forces are known at all points of -——— 
the path, except over the small range BR. P.. 


Q+ 

we ip_ 

The original current can, however, be represented by any ———= 
——— 


number of equivalent magnetic shells, for any shell is capable of iP. 
representing the current, provided only it has as boundary the ' 
circuit in which the current is flowing. Fie. 122. 


Let any other equivalent shell cut the path in the points Q,Q@_. From 
our knowledge of the forces exerted by this shell, we can determine the 
forces exerted by the current at all points of the path except those within 
the range of Q,Q_. In particular we can determine the forces over the range 
P.P., and it is at once obvious that on passing to the limit and making the 
range 2, P_ infinitesimal, the forces at the points P_, P., and at dll points on the 
infinitesimal range P,P. must be equal. Obviously the forces are also finite. 


The work done on a unit pole in taking it round the complete circuit 
from P_ back to P., is accordingly the same as that done in taking it from P_ 
round the path to P.. This can be calculated by supposing the forces to be 
exerted by the first equivalent shell, for the path is entirely outside this 
shell. If the potential due to the shell is Op, at P. and is Op at P, the 
work done is Op, -—Op. 


Now Q, the potential of the shell at any point, is, as we know (§ 419), 
equal to tw, where @ is the solid angle subtended by the shell and 7 is the 
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current, measured in electromagnetic units. The change in the solid angle 
as we pass from P. to J, is, as a matter of geometry, equal to 4. Thus 


Qp, a! Qp- = Art Coes cen eevec ce cccervececene (410). 


The work done in taking a unit pole round the path described is accord- 
ingly 42. 


MAGNETIC POTENTIAL OF A FIELD DUE TO CURRENTS. 


486. Let us fix-upon a definite equivalent shell to represent a current of 
strength 7. Let us bring a unit pole from in- 
finity to any point A, by a path which cuts 
the equivalent shell in points P, Q,...Z. For 
simplicity, let us at first suppose that at each 
of these points the path passes from the 
positive to the negative side of the shell, and 
let the points on the two sides of the shell be 
denoted, as before, by P., 2; Q1, Q_; and Fie, 123. 
SO on. 


Then, if 2 denotes the magnetic potential due to the equivalent shell, 
the work done in bringing the unit pole from infinity to PR, will be 2 ep, 
the limit R. and P are coincident, so that the work in taking the unit pole 
on from PB. to P. is infinitesimal. In taking it from P to Q, work is done of 
amount QQ, -OQe_, from Q, to Q_, the work is infinitesimal, and so on, until 
ultimately we arrive at A. Thus the total work done in bringing the unit 
pole to A is 

Of + (Qe, -— Ap_)+ (An, — Qe) + +. +(Q4- Oz ), 
or, rearranging, is 
O14 + (Op, -—QAp_) + (Qe, — Aq ) +... 

Now each of the terms Q7,—Op » Qo, — Qa , ete. is equal by equation 
(410) to 47ri, so that if n is the number of these terms, the whole expression 
is equal to : 

Og + 4rne. 

Replacing 0, by iw, where @ is the solid angle subtended by the shell at 

A, we find for the potential at A due to the electric current 
AD LID) Eee oak « pelted Stee nee de Ie (411). 

If the path cuts the equivalent shell m times in the direction from + to-, 
and m times in the opposite direction, the quantity m must be replaced by 
n—M. 

Expression (411) shews that the potential at a point is not a single-valued 
function of the coordinates of the point. The forces, which are obtained by 
differentiation of this potential, are, however, single-valued, 
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Current in infinite straight wire. 


487. As an illustration of the results obtained, let us Sister the 
magnetic field produced by a current flowing in a straight wire which is of 
such great length that it may be regarded as infinite, the return current 
being entirely at infinity. 

Let us take the line itself for axis of z Any semi-infinite plane termi- 
nated by this line may be regarded as an equivalent magnetic shell. Let us 
fix on any plane and take it as the plane of wz. 


Consider any point P such that OP, the shortest distance from P to 
the axis of z, makes an angle @ with Oz The cone 
through P which is subtended by the semi-infinite 
plane Oz, is bounded by two planes—one a plane 
through P and the axis of z; the other a plane through 
P parallel to the plane zOz. These contain an angle 
m—8@, so that the solid angle subtended by the plane 
zOz at P is 2(7-—8@). Giving this value to » in 
formula (411), we obtain as the magnetic potential at P 


= {2 (a7 — 0) + 4nz} 2. 


Since 00) = 0-iftis: clear that there is no radial magnetic force, and the 


Fic. 124. 


or 
force at any point in the direction of 6 increasing 
OE ee 
rod or” 


This result is otherwise obvious. If the work done in taking a unit pole 
round a circle of circumference 27r is to be 47, the tangential force at 


every point must be a 


488. This result admits of a simple experimental confirmation. 
Let PQR be a dise suspended in such a way! that the only motion of 
which it is capable is one of pure rotation about a 
long straight wire in which a current is flowing. 
On this disc let us suppose that an imaginary unit 
pole is placed at a distance 7 from the wire. There 
will be a couple tending os turn the disc, the 


moment of this couple being = “xr or 2, Similarly R 


if we place a unit negative a8 on the disc there is P 
a couple — 21. 


Q 
On placing a magnetised body on the disc, there 
will be a system of couples consisting of one of 
moment 27 for every positive pole and one of moment Fia, 125. 


— 21 for every negative pole. Since the total charge 
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in any magnet is nil, it appears that the resultant couple must vanish, so 
that the disc will shew no tendency to rotate. This can easily be verified. 


Circular Current. 


489. Let us find the potential due to a current of strength 7 flowing in a 
circle of radius a. The equivalent magnetic shell may be supposed to be a 
hemisphere of radius a bounded by this circle. 


The potential at any point on the axis of the circle can readily be found. 
For at a point on the axis distant r from the centre 
of the circle, the solid angle w subtended by the 
circle is given by 

@ = 2m (1— cosa) = 2m (1 oe ; 
so that the potential at this point is 


Q=2ni (1-7 _), 


IY) Q? + r 
This expression can be expanded in powers of r 
by the binomial theorem. We obtain the following eG EEE 
expansions : 
if r<a. 
eager in oL.8..2n—1 (rym 
Q=2ni 1 F455 — + CIP pee (") ciel port 4) 
if >, 
afl ae 1.3...20—1 /a\* 
O= 2m 15 ee cP (- Wha Sond On, 0 (=) ae ai bodececandsoods (418). 


From this it is possible to deduce the potential at any point in space. 
Let us take spherical polar coordinates, taking the centre of the circle as 
origin, and the axis of the circle as the initial line @=0. Inside the sphere 
r =a, the potential is a solution of V*2=0 which is symmetrical about the 
axis 9@=0, and remains finite at the origin. It is therefore capable of 
expansion in the form 


0. = SAqrB, (cos 6). 
0 
Along the axis we have @=0, so that this assumed value of O becomes 
is SA,r", 
0 


and the coefficients may be determined by comparison with equation (412). 
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Thus we obtain for the potentials, 


. ln 
O=2n it —" R(cos 8) +55 R(cos 6) — 


ni Le One eee 
(capes BMF (EY Baa (608 8)-+ nob ..(414), 


when r<a, and 


otha 3 at 
OQ = Qari {5 Ros) 55 B (cos 6) —... 
Bij ki Ores ee a 
+ (- 1) =A ign egy () Veen (cos ~) =“ sah ...(415), 


when r >a. 


At points so near to the origin that a may be neglected, the potential is 


= 20i(1 —" cos 6) =2ni (1-=), 
a a, 


; : 4 OQ 2at 
where z=7rcos@, and the magnetic force is a uniform force =a = 


parallel to the axis. 


Solenoids. 


490 A cylinder, wound uniformly with wire through which a current 
can be sent, is called a “solenoid.” ; 

Consider first a circular cylinder of radius a and 
height h, having a wire coiled round it at the uniform 
rate of n turns per unit length, the wire carrying a h 
current t Let z be a coordinate measuring the 
distance of any cross-section from the base of the 
solenoid. Then the small layer between 2 and z+ dz, 
being of thickness dz, will contain ndz turns of wire. 
The currents flowing in all these turns may be re- 
garded as a single current nidz flowing in a circle, this circle being of radius 
a and at distance z from the base of the solenoid. The magnetic potential 
of this current may be written down from the formula of the last section, and 
the potential of the whole solenoid follows by integration. 


z a a 
Fic. 127, 


491. ndless Solenoid. In the limiting case in which the solenoid is of 
infinite length (or in which the ends are so far away that the solenoid may 
be treated as though it were of infinite length), the field can be determined 
in a simpler manner. 


Consider first the field outside the solenoid. In taking a unit pole round 


any path outside the solenoid which completely surrounds the solenoid, the 
work done is, by § 485, 47i. The current flowing per unit length of the 
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solenoid is nt. In general we are concerned with cases in which this is finite 
n being very large and 7 being very small. The quantity 4ari may accordingly 
be neglected, and we can suppose that the work done in taking unit pole 
round the solenoid is zero. 


It follows that the force outside the solenoid can have no component at 
right angles to planes-through the axis, and clearly, by a similar argument, 
the same must be true inside the solenoid. Hence the lines of induction 
must lie entirely in the planes through the axis of the 
solenoid. From symmetry, there is no reason why 
the lines of induction at any point should converge 
towards, rather than diverge from, the axis, or vice 
versa. Hence the lines of induction will be parallel 
to the axis, and the force at every point will be entirely 
parallel to the axis, 


Let the lines PQR, P’Q’R’ in fig. 128 be radii 


meeting the axis, the lines PP’, QQ’, RR’ being 
parallel to the axis and each of length «. Let the 


Fie, 128, 
magnetic forces along these lines be KH, & and F; 
respectively. 
In taking unit pole round the closed path PP’Q’QP the work done is 


vi c ke, 
and since this must vanish, we must have H=F. Hence the force at all 
points outside the solenoid must be the same; it must be the same as the 
force at infinity and must consequently vanish. Thus there is no force at all 
outside the solenoid. 

In taking unit pole round the closed path PP’R’RP, the work done is 
Ke, and this must be equal to 4znie, so that we must have Re =4rnm. Thus 
the force at any point inside the solenoid is a force 4zrnz parallel to the axis. 

Thus the field of force arising from an infinite solenoid consists of a 
uniform field of strength 4am inside the solenoid, there being no field at all 
outside. The construction of a solenoid accordingly supplies a simple way of 
obtaining a uniform magnetic field of any required strength. 


GALVANOMETERS. 


492. A galvanometer is an instrument for measuring the strength of an 
electric current, the method of measurement usually being to observe the 
strength of the magnetic field produced by the current by noting its action 
on a small movable magnet. 

There are naturally various classes and types of galvanometers designed 
to fulfil various special purposes. 


28 
J. 
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The Tangent Galvanometer. 


X 
493. In the tangent galvanometer the current flows in a vertical 
circular coil, at the centre of which a small magnetic needle is pivoted 
so as to be free to turn in a horizontal plane. 


Before use, the instrument is placed so that the plane of the coil contains 
the lines of magnetic force of the earth’s field. The needle accordingly rests 
in the plane of the coil, When the current is allowed to flow in the coil 
a new field is originated, the lines of force being at right angles to the 
plane of the coil and the needle will now place itself so as to be in equi- 
librium under the field produced by the superposition of the two fields—the 
earth’s field and the field produced by the current. 


As the needle can only move in a horizontal plane, we need consider ~ 
only the horizontal components of the two fields. Let H, as usual, denote 
the horizontal component of the earth’s field. Let 7 be the current flowing 
in the coil, measured in electromagnetic units, let a be the radius and let n 
be the number of turns of wire. Near the centre of the coil the field 
produced by the current is, by § 489, a uniform field at right angles to 
the plane of the coil, of intensity a, The total 
horizontal field is therefore compounded of a field of 
strength H in the plane of the coil, and a field of 


strength aie at right angles to it. 
The resultant will make an angle @ with the plane gee 
of the coil, where 
(=) 
tan = 7 Fok rats Se) Wi ort 4 (416), 


and the needle will set itself along the lines of force of the field. Thus the 
needle will, when in equilibrium, make an angle @ with the plane of the 
coil, where 6 is given by equation (416). If we observe @ we can determine 
2 from equation (416). We have 


t= G tan Os Bist Wate ee (417), 
where G@ is a constant, known as the galvanometer constant, its value 
bein ant | 

hae 


The instrument is called the tangent galvanometer from the circum- 
stance that the current is proportional to the tangent of the angle 6. 
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The tangent galvanometer has the advantage that all currents, no matter 
how small or how great, can be measured without altering the adjustment 
of the instrument. A disadvantage is that the readings are not very sensi- 
tive when the currents to be measured are large—only a very small change 
in the reading is produced by a considerable change in the current. Let 
the current be increased» by an amount di, and let the corresponding change 
in @ be dé, then from equation (417), 

a) GH 


dé oS d tan (Fr => TP + eG: 


isi dt, 


so that if 7 is large, = is small. Thus, although the instrument may be 


used for the measurement of large currents, the measurements cannot be 
effected with much accuracy. 


A second defect of the instrument is caused by the circumstance that 
the field produced by the current is not absolutely uniform near the centre 
of the coil. If a is the radius of the coil, and b the distance of either pole 
of the magnet from its centre, the poles will be in a part of the field in 
which the intensity differs from that at the centre of the coil by terms of 


» 3 
the order of = For instance, if the magnet is one inch long, while the 


coil has a diameter of 10 inches, the intensity of the field will be different 
from that assumed, by terms of the order of (;5)*, so that the reading will be 
subject to an error of about one part in a thousand, 


By replacing the single coil of the tangent galvanometer by two or more 
parallel coils, it is possible to make the field in the region in which the 
magnet moves, as uniform as we please. It is therefore possible, although 
at the expense of great complication, to make a tangent galvanometer which 
shall read to any required degree of accuracy 


The Sine Galvanometer. 


494. The sine galvanometer differs from the tangent galvanometer in 
having its coil adjusted so that it can be turned about a vertical axis. 
Before the current is sent through the coil, the instrument is turned until 
the needle is at rest in the plane of the coil. The coil is then in the direc- 
tion of the earth’s field at the point. 


As soon as a current is sent through the coil, the needle is deflected, as 
in the tangent galvanometer. ‘The coil is now slowly turned in the direction 
in which the needle has moved, until it overtakes the needle, and as soon 
as the needle is again at rest in the plane of the coil, a reading is taken, 
giving the angle through which the coil has been turned. Let 0 be this 
angle, then the earth’s field may be resolved into components, H cos @ in 

28—2 
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the plane of the coil and Hsin @ at right angles to this plane. . Since the 
needle rests in the plane of the coil, the latter component must be just 
neutralized by the field set up by the current, this being, as we have seen, 
entirely at right angles to the plane of the coil. We accordingly have 


H sin 0= ee F 
' a 
so that we must have 
t= EEO ON AVIRA AAR oeae (418), 


G 
where G, the galvanometer constant, has the same meaning as before. 
This instrument has the disadvantage that it cannot be used to measure 
currents greater than = It is, however, sensitive over the whole range 


through which it can be used: if dé is the increase in @ caused by a change 
di in 2, we have 


G - 
dO = sec 6 dh, 


so that the greater the current the more sensitive the instrument. 


The great advantage of this form of galvanometer, however, is that when 
the reading is taken the magnet is always in the same position relative 
to the field set up by the current in the coil. Thus the deviations from 
uniformity of intensity at the centre of the field do not produce any error 
in the readings obtained: they result only in the galvanometer constant 
having a value different from that which it has so far been supposed to 
have. But when once the right value has been assigned to the constant G, 
equation (418) will be true absolutely, no matter how large the movable 
needle may be in comparison with the coil, 


' 


Other galvanometers. 


495. There are various other types of galvanometers in use to serve 
various purposes other than the exact measurement of a current. For full 
descriptions of these the reader may be referred to books treating the 
theory of electricity and magnetism from the more experimental side. The 
following may be briefly mentioned here: 


I. Lhe D’Arsonval Galvanometer. This instrument is typical of a class 
of galvanometer in which there is no moving needle, the moving part being 
the coil itself, which is free to turn in a strong magnetic field. The coil 
is suspended by a torsion fibre between the poles of a powerful horseshoe 
magnet. When a current is sent through the coil, the coil itself produces 
the same field as a magnetic shell, and so tends to set itself across the 
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lines of force of the permanent magnet, this motion being resisted by no 
forces except the torsion of the fibre. 


Il. The Mirror Galvanometer. This is a galvanometer originally designed 
by Lord Kelvin for the measurement of the small currents used in the trans- 
mission of signals by submarine cables. The design is, in its main outlines, 
identical with that of the tangent galvanometer, but, to make the instrument 
as sensitive as possible, the coil is made of a great number of turns of fine 
wire, wound as closely as possible round the space in which the needle 
moves, and the needle is suspended as delicately as possible by a fine 
torsion-thread. To make the instrument still more sensitive, permanent 
magnets can be arranged so as to neutralize part of the intensity of the 
earth’s field. The instrument is read by observing the motion of a ray of 
light reflected from a small mirror which moves with the needle: it is from 
this that the instrument takes its name. In the most sensitive form of this 
instrument a visible motion of the spot of light can be produced by a current 
of 10-” ampéres. 


III. The Ballistic Galvanometer. This instrument does not measure 
the current passing at a given instant, but the total flow of electricity 
which passes during an infinitesimal interval. If the needle is at rest in 
the plane of the coil, a current sent through the coil will establish a 
magnetic field tending to turn the needle out of this plane. So long as 
the needle is approximately in the plane of the coil, the couple acting on 
the needle will be proportional to the current in the coil: let it be denoted 
by ct, where 2 is the current. 


Then if is the angular velocity of the needle at any instant, we shall 
have an equation of the form 
Les 
2 
mk dp = 
where mk? is the moment of inertia of the needle. Integrating through the 
small interval of time during which the current may be supposed to flow, 
we obtain 


mkeQ, =c | tdt. 


Here 0 is the angular velocity with which the needle starts into motion, 


and | idt is the total current which passes through the coil. Thus the total 


flow | idt can be obtained by measuring ©, and this again can be obtained by 


observing the angle through which the needle swings before coming to rest 
at the end of its oscillation. 
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‘VECTOR-POTENTIAL OF A FIELD DUE TO CURRENTS. * 


496, From the formulae obtained in § 446 for the vector-potential of a 
uniform magnetic shell, we can at once write down expressions for the vector- 
potential of a field due to currents. 

For, by § 483, the field due to any system of currents may be regarded as 
the field due to a number of shells of uniform strength, so that the vector- 
potential at any point will be the sum of the vector-potentials due to these 
different shells. Hence if ¢, ¢’, ... are the strengths of the various shells, 
the vector-potential at any point P has components (cf. § 446) 


p=3 [22 as 


where the summation is over all the shells, and dz’, ds’ refer to an element of 
the edge of a shell of strength ¢, this element being at a distance r from the 


point P. 
The equations just found may clearly be replaced by 


1 da 

me ares 

Gz 1 oY as le se and eee. eee (419), 
1 dz 

H=|-—7d 


where ds is now an element of any wire or linear conductor in which a 
current of strength 7 is flowing, and the integration is now along all the 
conductors in the field. 

By the use of equations (376), we may at once obtain the components of 
magnetic force or induction at any point a’, y’, 2’ in the forms 


5 2H _ 08 
oy = 0a” 
~[;§2@ A\%_? dy 
=|: lw (=) ds. oz é =) A ES) ea aed eae ns (420). 


MECHANICAL ACTION IN THE FIELD. 
Ampére’s rule for the force from a circuit. 
497. Let O (a, y, 2) be the position of any element ds of a circuit, and 
let P be any point (w’, 7’, 2’) in free space. 
From equations (420) it follows that the magnetic force at P may be 


regarded as made up of contributions from each element of the circuit such 
that the contribution from the element ds at O has components 


a lay (=) = ne (=) zh ds, ete., etc. 
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On putting r=(e—-a') + (y—y'+(z—2’, and differentiating, these 
components become 
ids eee dz 2-2 el tds foe dx «v—a' d 


ae ay nT a 
2 / ds r ds r as Wei 7 > etc. -».(421). 


rT? 
e-—a y—y z—2' 
Let us denote eae? de Bs esr by 4, mm, m, these being the direction- 


r 
cosines of the line OP, and let ees ae ‘ 
ds’ ds’ ds 
be denoted by J, ms, ”., these being the 
direction-cosines of ds. Then the com- 
ponents of force (421) become 
“ (74g — MM), 2 (m4 Ll, — Nl), 


P 


1¢8 (hm,— 2M) ...(422), Fie. 129 a. 


Clearly the resultant is a force at right angles both to OP and to ds, and 
of amount 
tds sin 0 
72 


where @ is the angle between OP and ds. 


Thus the total force at P may be regarded as made up of contributions 
such as (423) from each element of the circuit. This is known as Ampére’s 
law. 


Mechanical action on a circuit. 


498. We are at present assuming the currents to be steady, so that 
action and reaction may be supposed to be equal and opposite. It follows 
that the force exerted at a unit pole at P upon the circuit of which the 
element ds is part, may be regarded as made up of forces of amount 

asin 0 
7 
per unit length, acting at right angles to OP and to ds. If we have poles of 
strength m at P, m’ at P’, etc. the resultant force on the circuit may be 
regarded as made up of contributions 
imsin@ im’sin & 


Pe ’ 2 peeve 
per unit length. The resultant of these forces may be put in the form 
iH sin x 


where H is the resultant magnetic intensity at O of all the poles m, m’, ete., 
and y is the angle between the direction of this intensity and ds. This 
resultant force acts at right angles to the directions of H and of ds. 
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499. We have found that the force from a whole circuit is the same as if 
each element ids contributed a force idssin 6/r*, and the force on a whole 
circuit is the same as if each element were acted on by a force 1H siny. But 
so long as we are dealing only with complete closed currents, it is impossible 
to discover what the actual force from or on a single element of the current 
will be. In a later chapter we shall regard a current as a stream of electrons 
in motion. The element 7ds will then be treated as a small number of moving 
electrons, and we shall be able to shew that the actual forces associated with 
the single element ¢ds are exactly identical with those just found. 


ENERGY OF A SYSTEM OF CIRCUITS CARRYING CURRENTS. 


500. The energy of a magnetic field, as we have seen (§ 470), is 
= i " | PCa 4-0) dadyd7 ccnsea cea (424). 


If the energy resides in the medium, this expression may be regarded as 
the energy of the field, no matter how this field is produced. If the field is 
produced wholly by currents, expression (424) may be regarded as the energy 
of the system of currents. As we shall now see, it can be transformed in a 
simple way, so as to express the energy of the field in terms of the currents 
by which the field is produced. : 


The integral through all space, as given by expression (424), may be 
regarded as the sum of the integrals taken over all the tubes of induction by 
which space is filled. The lines of induction, as we have seen, will be closed 
curves, so that the tubes are closed tubular spaces. 


If ds is an element of length, and dS the cross-section at any point, of a 
tube of unit strength, we may replace dadydz by dSds, and instead of inte- — 
grating with respect to dS we may sum over all tubes. Thus expression (424) 
becomes 


4 
gah | te (e+ B+ 9°) dS} ds, 
vif 
where the summation is over all unit tubes of induction. If H?=92+ P+, 
we have, by the definition of a unit tube, «H dS =1, so that 
B(O+ P+) dS=pH*dS =H, 

and the integral becomes 

1 

5-3 [ Has 

Now i Hds is the work performed on a unit pole in taking it once round 


the tube of induction, and this we know is equal to 47'z, where 3/7 is the 
sum of all the currents threaded by the tube, taken each with its proper 
sign, Thus the energy becomes 4% (3/2), 


499-501] Energy 441 


This indicates that for every time that a unit tube threads a current , 
a contribution $2 is added to the energy. Thus the whole energy is 


ee ee Se (425), 


where the summation is over all the currents in the field, and WV is the 
number of unit tubes“which thread the current 7. 


501. We have seen that a shell of strength @ is equivalent, as regards 
the field produced at all external points, to a current 7,if ¢=7. The energy 
of a system of currents has however been found to be $37N, whereas the 
energy of a system of shells was found (§ 450) to be 


The difference of sign can readily be accounted for. Let us consider a 
single shell of strength ¢, and let dS be an element of area, and dn an element 
of length inside the shell measured normally to the shell. At any point just 
outside the shell, let the three components of magnetic force be a, 8, y, the 
first being a component normal to the shell, and the others being components 
in directions which lie in the shell. On passing to the inside of the shell, the 
normal induction is discontinuous owing to the permanent magnetism which 
must be supposed to reside on the surface of the shell. Thus inside the shell, 


we may suppose the components of force to be Seba B, y, where pw is the 


permeability of the matter of which the shell is composed, and S is the 
force originating from the permanent magnetism of the shell. 


The contribution to the energy of the field which is made by the space 


inside the shell is 
it a\? Aj 
ralite (s+5) + 8? +7) dadydz, 


where the integral is taken throughout the interior of the shell; or 


lo (e0$) v0.7 sas 


This can be regarded as the sum of three integrals, 
; 1 
(i) gaff] usranas 
- 1 a? 
(11) aa [ i | e + pe? + “?) CEN Sic oae waee nea ee ccs (427). 


a 1 
(iii) "he i SadndS 
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On reducing the thickness of the shell indefinitely, S becomes infinite, for 
at any point of the shell, 


| Sdn = — (difference of potential between the two forces of shell) 
=— 47d, 


so that S becomes infinite when the thickness vanishes. 


Thus on passing to the limit, the first integral 


* i il i uSdndS 


becomes infinite. This quantity is, however, a constant, for it represents the 
energy required to separate the shell into infinitesimal poles scattered at 
infinity. . 

The second integral vanishes on passing to the limit, and so need not be 
further considered. 


The third integral can be simplified. We have 


Z| [| Sadnas == [fa (| Sdn) as. 


Now | Sdn=-— 47, while | | adS is the integral of normal induction over 


the shell, and may therefore be replaced by NV, the number of unit tubes of 
induction from the external field, which pass through the shell. Thus the 
third integral is seen to be equal to 


— ol. 
In calculating expression (424) when the energy is that of a system of 
currents, the contribution from the space occupied by the equivalent mag- 


netic shells is infinitesimal. Thus all the terms which we have discussed 
represent differences between the energies of shells and of circuits. 


Terms such as the first integrals of scheme (427) represent merely that 
the energies are measured from different standard positions. In the case of 
the shells, we suppose the shells to have a permanent existence, and merely 
to be brought into position. The currents, on the other hand, have to be 
created, as well as placed in position. Beyond this difference, there is an 
outstanding difference of amount ¢N for each circuit, and this exactly 
accounts for the difference between expressions (425) and (426). 


502. Let us suppose that we have a system of circuits, which we shall 
denote by the numbers 1, 2, .... Let us suppose that when a unit current 
flows through 1, all the other circuits being devoid of currents, a magnetic 
field is produced such that the numbers of tubes of induction which cross 
circuits 1, 2, 3, ... are 


Ln; Las Lis; AIO 
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Similarly, when a unit current flows through 2, let the numbers of tubes 
of induction be 


Ly, Loy, Log, »++ 
The theorem of § 446 shews at once that 
é De=Ly= i [= eos ES ACUC Sac danceae ae, (428). 


If currents %,, %,, ... flow through the circuits simultaneously, and if the 
numbers of tubes of induction which cut the circuits are N,, N., N;, ..., we 
have 

N, = Lut, + Lets ae Lysis T 


Fg bathe a ete a ropa Daa ge (429) 
The energy of the system of currents is 
E=33iN, 
= $20, (Luh t+ Lut, + ...), 
=F litt + Lnatyte +e Degte +e. cose ssceees ones (430). 


COEFFICIENTS OF INDUCTION. 


503. The coefficient L,, is commonly called the coefficient of self-induc- 
tion (or, more briefly, the self-inductance) of circuit 1, while Ly, is called 
the coefficient of mutual induction of the two circuits 1 and 2. The value 
of L,. for any pair of circuits can be calculated from formula (428). 

As an example, consider the important case of two circular wires, radii 
a, a’ in parallel planes, the line joing their centres being perpendicular to 
the planes and of length d, b. Formula (428) gives 

eke aa’ cos (0 — 0’) dé d#’ 
Jna= =|), 0 [a?+ a’ + b?— 2aa’ cos (6 — 6’) 2 
5 an as aw’ cos dy 
aig F [a?+ a? + b*?— 2aq’ cos wv} 

Put C= capper bod —W 
and we readily find 
at 2sin?d —1 

— ¢ sin® d)? 


= dor (aa’)2 ie-) K (c) -=£0), 


where K(c), E(c) are the complete elliptic functions to modulus c. 
When the circles nearly coincide, b is small and a and a’ are nearly equal. 
Thus c is nearly equal to unity, and #(c) approximates to unity. Put 


ce =(1-¢)3, 


I= 4 (aa’c ina d¢ 
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so that c’ is small, then 
ae oe 
K (=. to =| 2 gh . 
Jo (1—¢sin’ ¢) 0 (cos? +c? sin? d) 
of which the approximate value is found to be log (4/c’). 
If r is the nearest distance apart of the two circles, we have, when r is 
small, c’ = r/2a, so that 


K (c) = log (8a/r), 
8a 
and Lng = 4004 (tog ais 2) hieddet es Sn eee ee (430). 


504. It might be expected that we could obtain the value of Z, in any 
problem by making the two circuits 1 and 2 coincide, but this proves not to 
be the case; the value of the integral in equation (428), where the integral is 
taken twice round the same circuit, is always infinite. As an instance, we 
may notice that on putting 7 =0 in the formula just obtained, we find Ly, =. 

We can readily see why this must be. When there is only one current 
flowing, we have 


tnt = [[ i (a+ B+ 9") dadydz, 


each side of this equation representing the energy of the current. Near to 
the wire, at a small distance r from it, the magnetic force is 2¢/r so that 
o? + 6? + 4 = 4n?/r2, Thus the energy contained within a thin ring formed of 
coaxal cylinders of radii 7,, 7,, bent so as to follow the wire conveying the 


current, will be 
‘2 
LI |{Zrardeds 


where the integration with respect to r is from r, to 7, that with respect to 
@ is from 0 to 27, and that with respect to s is along the wire. Integrating, 
we find energy 
pi? log (r2/"71) 

per unit length, and on taking 7, =0, the energy is seen to be infinite. 

Suppose that the wire has a circular cross-section of radius a, and that 
the current is uniformly distributed over this cross-section. A circle of radius 
r inside the wire will enclose a current 7r*/a?, so that the magnetic force at 
distance r from the centre will be 27r/a?, and 
4a? 

ie 


+ B+ y= 


On integrating this from r=0 to r=a we find that there is magnetic 
energy inside the wire of amount 4 per unit length, where y’ is the 
magnetic permeability of the material of the wire. Hence the total energy 
per unit length inside a cylinder of radius r, enclosing the wire is 


1 lise pt? log Gr,fa) aoscisscctl dese eetces: (4300). 
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Even when a is finite this still becomes infinite when r, is made infinite— 
i.e. when the magnetic field extends to infinity. Thus the self-induction per 
unit length of a straight wire in free space is infinite except when the 
magnetic field is limited by the presence of other conductors. 

Suppose that the return current is carried by a concentric cylinder of 
radius b surrounding the wire. The total flow of current through a circle of 
radius greater than b is zero, so that there will be no magnetic force outside 
the cylindrical conductor, and the magnetic field will be limited by the cylinder 
r=6, The energy per unit length is now given by formula (4306) with r, put 
equal to b, so that the coefficient of self-induction per unit length is 


Ty fe Og (ONG) OG Pac tine hens nes (430c), 
and this is finite for all finite values of 6 and a. 


505. The energy of the magnetic field produced by a current 7 in a wire 
will always be the sum of the energies of the magnetic field in the wire and 
of the magnetic field outside the wire. If the current is uniformly distributed 
in the wire, the former energy will always be $y’? as in § 504. Thus Z, the 
self-induction of a wire of length /, will always be of the form 


(eG Hane Lee een es (430d), 


where the term 4y’l arises from the field inside the wire, and L’ arises from 
the field outside the wire. 

When the circuit lies entirely in one plane and the radius of cross-section 
of the wire is small a simple value can be obtained for LZ’. Let S denote the 
curve formed by the centres of the cross-sections of the wire, and let S’ denote 
the curve formed by the inner edge of the wire in the plane in which 
the circuit lies. Then it will be easily verified that the magnetic force at any 
point inside S’ is the same as if the whole current 7 flowed along the curve 8. 
Hence the number of tubes of induction which flow through S’ when the 
current flows in the wire is the same as if a current 7 flowed in S, and so is 
equal to 7 times L’,, where L’,, is the coefficient of mutual induction between 
Sand S8’. Thus in formula (430d), L’ will be the coefficient of mutual induc- 
tion between the circuits S and S’. 

As an example, let us find the coefficient of self-induction in a wire of 
length 27a whose cross-section is a circle of radius 7, bent into a circle of 
radius a. The curve S is a circle of radius a, the curve S’ is a concentric 
circle of radius a—r. By formula (430), 


LT’ = 40a (Iog = 2 ; 


8 
so that L= rap’ + 40a (tog = - 2) ‘ 
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As a second example, let us find the coefficient of self-induction of a rect- 
angular circuit of sides a, 6 made of wire of circular cross-section of radius 
In this case the circuit S will be a rectangle of sides a, 6, while the cireuit S’ 
is a coplanar concentric rectangle of sides a—r,b—r. We evaluate L’ the 
coefficient of mutual induction of S and S’ from formula (428). There is no 
contribution from pairs of elements on sides perpendicular to one another, 
since for these cos e=0; the whole value of L’ is contributed by parallel pairs 
of elements. 

For two parallel lines of lengths J, /’ at distance h apart, we find 


[ss -{" ip dada’ 
yd -a[(2" [(a’ — 2) + hey 


-{". a =4l' 


= (J+0’) sinh 


a — x 


sinh 


ae 


— (U1) sinh 


— [4h + (240 
+ (4h? + (1 — 1)? ]4. 
On making J—T' small, and replacing sinh~ by its logarithmic value, this 
becomes 


~2(2 +h) +2h, 


2\5 
2 og t+) 


By repeated use of this formula we find 
L'=—8 (a+b) +8 (a+ b’)3 — 4a log [a + (a? + B*)*] 
— 4b log [b + (a? + b)] 4.4 (a+b) log =, 


and the coefficient of self-induction is now given by 


Te(ausb ee 


5054. Formula (430c), expressing the self-induction per unit length of a 
circular wire with a concentric return, can be put in the form L=$y’+W’, 
where 

L’ = 2p log (b/a). 
If K is the electrostatic capacity per unit length of the condenser formed 
by the wire and its surrounding cylinder, we have, from § 82, 
pte oe ae 
2 log (b/a)’ 
where « is the inductive capacity of the insulating material surrounding the 
wire, Thus 


It is not a mere accident that this simple relation holds. Suppose we 
solve the electrostatic problem by the method of conjugate functions (§ 812), 
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The appropriate transformation is readily found to be (cf. § 318) 
U+iV =Cons. + 2 log r + 216, 


where x=rcos 0, y=rsin@. In this transformation U may be taken to be the 
electrostatic potential due to unit charge per unit len gth, and V will clearly be 
the magnetic potential due to unit current. It follows at once that the value of 
X?+ Y? at any point when there is unit charge per unit length is the same 
as the value of a?+ @? at the same point when there is unit current flowing 
and relation (430¢) is at once seen to be true. . 

The argument can be applied equally well to any conjugate-function trans- 
formation whatever. Thus relation (430a) is seen to be universally true for 
any straight conductor accompanied by a parallel return. 


EXAMPLES, 


1, A current 7 flows in a very long straight wire. Find the forces and couples it 
exerts upon a small magnet. 


Shew that if the centre of the small magnet is fixed at a distance ¢ from the wire, it 
has two free small oscillations about its position of equilibrium, of equal period 


Dye 
2a/n) Uke’ 


where MZ? is the moment of inertia, and p the magnetic moment, of the magnet. 


2. ‘Two parallel straight infinite wires convey equal currents of strength 7 in opposite 
directions, their distance apart being 2a. A magnetic particle of strength » and moment 
of inertia mé? is free to turn about a pivot at its centre, distant c from each of the wires. 
Shew that the time of a small oscillation is that of a pendulum of length / given by 


4ialp=mgk*c?. 
3. Two equal magnetic poles are observed to repel each other with a force of 40 dynes 
when at a decimetre apart. A current is then sent through 100 metres of thin wire 


wound into a circular ring eight decimetres in diameter and the force on one of the poles 
placed at the centre is 25 dynes. Find the strength of the current in amperes. 


4, Regarding the earth as a uniformly and rigidly magnetised sphere of radius a, 
and denoting the intensity of the magnetic field on the equator by H, shew that a wire 
surrounding the earth along the parallel of south latitude A, and carrying a current ¢ 
from west to east, would experience a resultant force towards the south pole of the 
heavens of amount 

67aiZ sin d cos? X. 

5. Shew that at any point along a line of force, the vector potential due to a current 
in a circle is inversely proportional to the distance between the centre of the circle and 
the foot of the perpendicular from the point on to the plane of the circle. Hence trace 
the lines of constant vector potential. 


6. A current 7 flows in a circuit in the shape of an ellipse of area A and length /. 
Shew that the force at the centre is wil/A. 
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7, A current ¢ flows round a circle of radius a, and a current 7’ flows in a very long 
straight wire in the same plane. Shew that the mutual attraction is 4m’ (sec a—1), where 
a is the angle subtended by the circle at the nearest point of the straight wire. 


XN 
8. If, in the last question, the circle is placed perpendicular to the straight wire with 
its centre at distance ¢ from it, shew that there is a couple tending to set the two wires in 
the same plane, of moment 272’ a?/¢ or 2riz’c, according as ¢> or <a, 


9, A long straight current intersects at right angles a diameter of a circular current, 
and the plane of the circle makes an acute angle a with the plane through this diameter 
and the straight current. Shew that the coefficient of mutual induction is 


4 {ce sec a—(c? sec? a— a?)2} or 47c tan G = 5) ; 


according as the straight current passes within or without the circle, a being the radius of 
the circle, and ¢ the distance of the straight current from its centre. 


10. Prove that the coefficient of mutual induction between a pair of infinitely long 
straight wires and a circular one of radius @ in the same plane and with its centre at a 
distance b (>a) from each of the straight wires, is 


8r (6—/b?—a?). | 


11. A circuit contains a straight wire of length 2a conveying a current. A second 
straight wire, infinite in both directions, makes an angle a with the first, and their 
common perpendicular is of length ¢ and meets the first wire in its middle point. Prove 
that the additional electromagnetic forces on the first straight wire, due to the presence 
of a current in the second wire, constitute a wrench of pitch ~ - 


: asina : asina 
2 (« sin a—ctan~! wee) sin 2a tan- 1 —_—., 
c 


12. Two circular wires of radii a, b have a common centre, and are free to turn on an 
insulating axis which is a diameter of both. Shew that when the wires carry currents 


z, v', a couple of magnitude 
Qr2b2 B2\ 
—— Lae 
a a 


is required to hold them with their planes at right angles, it being assumed that b/a is so 
small that its fifth power may be neglected. 


13, Two circular circuits are in planes at right angles to the line joining their centres. 


Shew that the coefficient of induction 
Tv 


2 
oe (2) | eee 
0 Va? sin? 6+ cos? 6 


where a, ¢ are the longest and shortest lines which can be drawn from one circuit to the 
other. Find the force between the circuits. 


14. Two currents 2, ¢’ flow round two squares each of side a, placed with their edges 
parallel to one another and at right angles to the distance ¢ between their centres, Shew 


that they attract with a force 
2 24.92 
Bit" eee bse a joanabe =a 
a*-+ ee eVar+e 
15, A current 7 flows in a rectangular circuit whose sides are of lengths 2a, 2b, and 
the circuit is free to rotate about an axis through its centre parallel to the sides of length 
2a. Another current 2’ flows in a long straight wire parallel to the axis and at a distance 
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d from it. Prove that the couple required to keep the plane of the rectangle inclined at 
an angle ¢ to the plane through its centre and the straight current is 


807’ abd (b? +d?) sin 
B+ dt SB? cos 2G 


16. Two circular wires lie with their planes parallel on the same sphere, and carry 
opposite currents inversely proportional to the areas of the circuits. A small magnet has 
its centre fixed at the ceftre of the sphere, and moves freely about it. Shew that it will 


be in equilibrium when its axis either is at right angles to the planes of the circuits, or 
makes an angle tan-14 with them. 


17. An infinitely long straight wire conveys a current and lies in front of and parallel 
to an infinite block of soft iron bounded by a plane face. Find the magnetic potential at 
all points, and the force which tends to displace the wire. 


18. A small sphere of radius 6 is placed in the neighbourhood of a circuit, which 
when carrying a current of unit strength would produce magnetic force H at the point 
where the centre of the sphere is placed. Shew that, if « is the coefficient of induced 
magnetization for the sphere, the presence of the sphere increases the coefticient of self- 
induction of the wire by an amount approximately equal to 


8rb x (3-+27«) H? 
(8+42K)? 


19. A circular wire of radius a is concentric with a spherical shell of soft iron of radii 
bande Ifa steady unit current flow round the wire, shew that the presence of the iron 
increases the number of lines of induction through the wire by 


Ona (0 — B8) (w—1) (u+2) 
8 {p+ 1) (p+ 2) P—2 (u-1)7Hh 


approximately, where a is small compared with 0 and ec. 


20. A right circular cylindrical cavity is made in an infinite mass of iron of perme- 
ability » In this cavity a wire runs parallel to the axis of the cylinder carrying a steady 
current of strength J. Prove that the wire is attracted towards the nearest part of the 
surface of the cavity with a force per unit length equal to 


2(n-1)L? 1) f2 
(u+1)d ’ 


where «@ 1s the distance of the wire from its electrostatic image in the cylinder. 


21, A steady current C flows along one wire and back along another one, inside a 
long cylindrical tube of soft iron of permeability #, Whose internal and external radii are 
a, and a, the wires being parallel to the axis of the cylinder and at equal distance @ on 
opposite sides of it. Shew that the magnetic potential outside the tube will be 


V= S sin 6 + _ 3 sin 30+ BS sin 50-45 
seco -_(#)" ong i 
where Bon+1= one (u+1) ay (n=1) 


Hence shew that a tube of soft iron, of 150 cm. radius and 5 cm. thickness, for which the 
effective value of » is 1200 o.a.s., will reduce the magnetic field at a distance, due to the 
current, to less than one-twentieth of its natural strength. 


29 
J. 
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22. A wire is wound in a spiral of angle a on the surface of an insulating cylinder of 
radius a, so that it makes » complete turns on the cylinder... A current 7 flows through 
the wire. Prove that the resultant magnetic force at the centre of the cylinder is 


Qein 
a (1+a°n? tan? a)? 
along the axis. 
23. A current of strength 7 flows along an infinitely long straight wire, and returns in 
a parallel wire. These wires are insulated and touch along generators the surface of an 
infinite uniform circular cylinder of material whose coefficient of induction is &. Prove that 
the cylinder becomes magnetized as a lamellar magnet whose strength is 2rkz/(1+2z7%). 


24. A fine wire covered with insulating material is wound in the form of a circular 
disc, the ends being at the centre and the circumference. A current is sent through the 
wire such that J is the quantity of electricity that flows per unit time across unit length 
of any radius of the disc. Shew that the magnetic force at any point on the axis of the 
dise is 

27J {cosh—! (sec a) —sin a}, 
where a is the angle subtended at the point by any radius of the disc. 


25. Coils of wire in the form of circles of latitude are wound upon a sphere and 
produce a magnetic potential A7”P, at internal points when a current is sent soroug 
them. Find the mode of winding and the potential at external points. 


26. A tangent galvanometer is to have five turns of copper wire, and is to be made so 
that the tangent of the angle of deflection is to be equal to the number of ampéres flowing 
in the coil. If the earth’s horizontal force is -18 dynes, shew that the radius of the coil 
must be about 17°45 cms. 


27. A given current sent through a tangent galvanometer deflects the magnet through 
an angle 6. The plane of the coil is slowly rotated round the vertical axis through the 
centre of the magnet. Prove that if 6 >, the magnet will describe complete revolu- 
tions, but if <7, the magnot will oscillate through an angle sin—1(tan @) on each side of 
the meridian. 


28. Prove that, if a slight error is made in reading the angle of deflection of a tangent 
galvanometer, the percentage error in the deduced value of the current is a minimum if the 
angle of deflection is jz. 


29. The circumference of a sine galvanometer is 1 metre: the earth’s horizontal 
magnetic force is ‘18 0.¢.8. units. Shew that the greatest current which can be measured 
by the galvanometer is 4:56 ampéres approximately, 


30. The poles of a battery (of electromotive force 2°9 volts and internal resistance 
4 ohms) are joined to those of a tangent galvanometer whose coil has 20 turns of wire and 
is of mean radius 10 cms. : shew that the deflection of the galvanometer is approximately 
45°. The horizontal intensity of the earth’s magnetic force is 1°8 and the resistance of 
the galvanometer is 16 ohms. 


31, A tangent galvanometer is incorrectly fixed, so that equal and opposite currents 
give angular readings a and 8 measured in the same sense. Shew that the plane of the 
coil, supposed vertical, makes an angle e with its proper position such that 

2 tan e=tan a+tan 6, 


32, If there be an error a in the determination of the magnetic meridian, find the 
true strength of a current which is 7 as ascertained by means of a sine galvanometer. 
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33. In a tangent galvanometer, the sensibility is measured by the ratio of the incre- 
ment of deflection to the increment of current, estimated per unit current. Shew that 
the galvanometer will be most sensitive when the deflection is 7! and that in measuring 
the current given by a generator whose electromotive force is ZH, and internal resistance 


fh, the galvanometer will be most sensitive if there be placed across the terminals a shunt 
of resistance 


Vag 


Bir 
where 7 is the resistance of the galvanometer, and H is the constant of the instrument. 
What is the meaning of the result if the denominator vanishes or is negative ? 


34, A tangent galvanometer consists of two equal circles of radius 3 ems. placed on a 
common axis 8 cms. apart. A steady current sent in opposite directions through the two 
circles deflects a small needle placed on the axis midway between the two circles through 
an angle a. Shew that if the earth’s horizontal magnetic force be H in c.@.8. units, then 
the strength of the current in 0.4.8. units will be 125 7 tan a/36z. 


35. A galvanometer coil of ~ turns is in the form of an anchor-ring described by the 
revolution of a circle of radius 6 about an axis in its plane distant a from its centre. 
Shew that the constant of the galvanometer 

87 


=— | o cn?ydn? udu (4=b/a) 
= (8n/3ka) (1 +4?) H-(1— 2) K]. . 


29—2 


CHAPTER XIV 


INDUCTION OF CURRENTS IN LINEAR CIRCUITS 


PHYSICAL PRINCIPLES. 


506. Ir has been seen that, on moving a magnetic pole about in the 
presence of electric currents, there is a certain amount of work done on the 
pole by the forces of the field. If the conservation of energy is to be true of 
a field of this kind, the work done on the magnetic pole must be represented 
by the disappearance of an equal amount of energy in some other part of the 
field. If all the currents in the field remain steady, there is only one store 
of energy from which this amount of work can be drawn, namely the energy 
of the batteries which maintain the currents, so that these batteries must, 
during the motion of the magnetic poles, give up more than sufficient energy 
to maintain the currents, the excess amount of energy representing work 
performed on the poles. Or again, if the batteries supply energy at a 
uniform rate, part of this energy must be used in performing work on the 
moving poles, so that the currents maintained in the circuits will be less 
than they would be if the moving poles were at rest. 


Let us suppose that we have an imaginary arrangement by which addi- 
tional electromotive forces can be inserted into, or removed from, each circuit 


as required, and let us suppose that this arrangement is manipulated so as to 
keep each current constant. 


Consider first the case of a single movable pole of strength m and a single j 
circuit in which the current is maintained at a uniform strength 7. If @ is 
the solid angle subtended by the circuit at the position of the pole at any 
instant, the potential energy of the pole in the field of the current is mia, so 
that in an infinitesimal interval dé of the motion of the pole, the work per- 
formed on the pole by the forces of the field is mi = dt. The current which 
has flowed in this time is idé, so that the extra work done by the additional 


batteries is the same as that of an additional electromotive force ae 


dt ° 
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Thus the motion of the pole must have set up an additional electromotive 


force in the circuit of amount =m 2 , to counteract which the additional 


electromotive forces are needed. The electromotive force ye which 


dt 
appears to be set up bythe motion of the magnets is called the electromotive 
force due to induction. 


The number of tubes of induction which start from the pole of strength m 
_ is 4am, and of these a number mo pass through the circuit. Thus if n is the 
number of tubes of induction which pass through the circuit at any instant, 
the electromotive force may be expressed in the form — 

So also if we have any number of magnetic poles, or any magnetic system 
of any kind, we find, by addition of effects such as that just considered, that 
there will be an electromotive force a arising from the motion of the 
whole system, where WV is the total number of tubes of induction which cut 
the circuit. 

It will be noticed that the argument we have given supplies no reason for taking V to 
be the number of tubes of induction rather than tubes of force. But if the number of 
tubes crossing the circuit is to depend only on the boundary of the circuit we must take 


tubes of induction and not tubes of force, for the induction is a solenoidal vector while 
the force, in general, is not. 


507. The electromotive force of induction ste has been supposed to 


dt 
be measured in the same direction as the current, and on comparing this 
with the law of signs previously given in § 483, we obtain the relation 
between the directions of the electromotive force round the circuit, and of 
the lines of induction across the circuit. The magnitude and direction of © 
the electromotive force are given in the two following laws: 


Neumann’s Law. Whenever the number of tubes of magnetic induction 
which are enclosed by a circuit 1s changing, there is an electromotive force 
acting round the circuit, in addition to the electromotive force of any batteries 
which may be in the circuit, the amount of this additional electromotive force 
being equal to the rate of diminution of the number of tubes of induction 
enclosed by the circurt. 


Lenz’s Law. The positive direction of the electromotive force (- a and 


the direction in which a tube of force must pass through the circuit in order to 
be counted as positive, are related in the same way as the forward motion and 
rotation of a right-handed screw. 
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If there is no battery in the circuit, the total electromotive force will be 
a 
dt 


an “induced” current. 


, and the current originated by this electromotive force is spoken of as 


508. In order that the phenomena of induced currents may be consistent 
with the conservation of energy, it must obviously be a matter of indifference - 
whether we cause the magnetic lines of induction to move across the circuit, 
or cause the circuit to move across the lines of induction. Thus Neumann’s 
Law must apply equally to a circuit at rest and a circuit in motion. So also ” 
if the circuit is flexible, and is twisted about so as to change the number of 
lines of induction which pass through it, there will be an induced current of 
which the amount will be given by Neumann’s Law. 


509. For instance if a metal ring is spun about a diameter, the number 
of lines of induction from the earth’s field which pass through it will change 
continuously, so that currents will flow in it. Furthermore, energy will be 
consumed by these currents so that work must be expended to keep the ring 
in rotation. Again the wheels and axles of two cars in motion on the same 
line of rails, together with the rails themselves, may be regarded as forming 
a closed circuit of continually changing dimensions in the earth’s magnetic 
field. Thus there will be currents flowing in the circuit, and there will be 
electromagnetic forces tending to retard or accelerate the motions of the cars. 


510. If, as we have been led to believe, electromagnetic phenomena are 
the effect of the action of the medium itself, and not of action at a distance, 
it is clear that the induced current must depend on the motion of the lines of 
force, and cannot depend on the manner in which these lines of force are pro- 
duced. Thus induction must occur just the same whether the magnetic field 
originates in actual magnets or in electric currents in other parts of the field. 
This consequence of the hypothesis that the action is propagated through the 
' medium is confirmed by experiment—indeed in Faraday’s original investiga- 
tions on induction, the field was produced by a second current. 


511. Let us suppose that we have two circuits 1, 2, of which 1 contains 
a battery and a key by which the circuit 
can be closed and broken, while circuit 2 
remains permanently closed, and contains a 
galvanometer but no battery. On closing 
the circuit 1, a current flows through circuit 
1, setting up a magnetic field. Some of the 


tubes of induction of this field pass through ; 

circuit 2, so that the number of these tubes th tx 
changes as the current establishes itself in Battery 
circuit 1, and the galvanometer in 2 will Erg Jn0. 


accordingly shew a current. When the current in 1 has reached its steady 
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value, as given by Ohm’s Law, the number of tubes through circuit 2 will no 
longer vary with the time, so that there will be no electromotive force in 
circuit 2, and the galvanometer will shew no current. If we break the 
circuit 1, there is again a change in the number of tubes of induction passing 
through the second circuit, so that the galvanometer will again shew a 
momentary current. ~~ 


GENERAL EQUATIONS OF INDUCTION IN LINEAR CIRCUITS. 


512. Let us suppose that we have any number of circuits 1, 2, .... 
Let their resistances be R,, R,, ..., let them contain batteries of electro- 
motive forces H,, H, ..., and let the currents flowing in them at any instant 
DO Go; son os 

The numbers of tubes of induction N,, N, ... which cross these circuits 
are given by (cf. equations (429)) 

N= 14,4 Leta + Lysis +.-, etc. . 


In circuit 1 there is an electromotive force H, due to the batteries, and an 


electromotive force a: due to induction. Thus the total electromotive 


dt 
; : : dN, : ; 
force at any instant is F, are and this, by Ohm’s Law, must be equal to 
f,t%,. Thus we have the equation 
E, — = iat + ati + Lists + . =) — Rit eeeresoveces (431). 


Similarly for the second circuit, 
8,9 at + Digg + Leg ts + va) = es @ecceccveses (432), 


and so on for the other circuits. 


Equations (431), (482), ... may be regarded as differential equations from 
which we can derive the currents 1,, %, ... in terms of the time and the 
initial conditions. We shall consider various special cases of this problem. 


INDUCTION IN A SINGLE CIRCUIT. 


513. If there is only a single circuit, of resistance R and self-induction L, 


equation (431) becomes 
d 


B= 5 (Dt) = Rigs ecesessersereessssrsconee (433). 


Let us use this equation first to find the effect of closing a circuit pre- 
viously broken. Suppose that before the time t=0 the circuit has been 
open, but that at this instant it is suddenly closed with a key, so that the 
current is free to flow under the action of the electromotive force Z. 
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The first step will be to determine the conditions immediately after the 
circuit is closed. Since £ (Ih) is, by equation (433), a finite quantity, it 


follows that Zi, must increase or decrease continuously, so that immediately 
after closing the circuit the value of Z2, must be zero. 


To find the way in which 7, increases, we have now to solve equation (433), 
in which Z, L and R are all constants, subject to the initial condition that 
a,=0 whent=0. Writing the en in the form 


L-hi,= op a 


Ea 


we see that the general solution is 


Ry 
EH-—Ri,=Ce 4, 
where C is a constant, and in order that 7, may vanish when ¢=0, we must 
have C= #, so that the solution is - 


The graph of 7, as a function of ¢ is shewn in Ag: 131. It will be seen 
that the current rises gradually to its final . 
value H/R given by Ohm’s Law, this rise ip = 7 
being rapid if Z is small, but slow if ZL is 
great. Thus we may say that the increase in 
the current is retarded by its self-induction. 
We can see why this should be. The energy 
of the current 2, is $.7,7, and this is large when 
L is large. This energy represents work per- 
formed by the electric forces: when the current 
is 4, the rate at which these forces perform work is Hi,, a quantity which 
does not depend on LZ. Thus when J is large, a great time is required for 
the electric forces to establish the great amount of energy Li,’. 


Fie. 131, 


A simple analogy may make the effect of this self-induction clearer. Let the flow of 
the current be represented by the turning of a mill-wheel, the action of the electric forces 
being represented by the falling of the water by which the mill-wheel is turned. A large 
value of Z means large energy for a finite current, and must therefore be represented’ by 
supposing the mill-wheel to have a large moment of inertia. Clearly a wheel with a small 
moment of inertia will increase its speed up to its maximum speed with great rapidity, 
while for a wheel with a large moment of inertia the speed will only increase slowly. 


Alternating Current. 


514. Let us next suppose that the electromotive force in the circuit is 
not produced by batteries, but by moving the circuit, or part of the circuit, 
m a magnetic field. If N is the number of tubes of induction of the 


¥ 
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ee magnetic field which are enclosed by the circuit at any instant, 
the equation is 


= 2 Clase HiN Ves: Riek aaatecses dcew seheath (435). 


The simplest case arises when WV is a simple-harmonie function of the 
time, proportional letus say to cospt. We can simplify the problem by sup- 
posing that WV is of the form C(cospt+isin pt). The real part of WV will 
give rise to a real value of 7, and the imaginary part of NV to an imaginary 
value of 7. Thus if we take V = Ce we shall obtain a value for 7, of which 
the real part will be the true value required for %,. 


Assuming V = C (cos pt +7 sin pt) = Ce’, the equation becomes 
Cpe ; 
ar (i, + Ce'?*) = Ra, 
and clearly the solution will be proportional to e”. Thus the differential 


3 will act only on a factor eit, and will accordingly be equivalent to 
multiplication by w. We may accordingly write the equation as 
—ip (Ii, + Ce?) = hi, 
a simple algebraic equation of which the solution is 
, — piCe'rt 
R+Lnp* 


operator 


= 


Let the modulus and argument of this expression be denoted by p and x, 
so that the value of the whole expression is p(cosy+zsiny). The value of 
p, the modulus, is equal (§ 311) to the product of the moduli of the factors, so 
that 

Bis uh: 
PO NRE Lip 
while the argument y, being equal (§ 311) to the sum of the arguments of 
the factors, is given by 
x=pt—F tan (2). 


The solution required for 2, is the real term p cos x, so that 


=p cosy 


Sens sin { pt—tan2 63); ik es (436). 
2 242 


The electromotive force produced by the change in the number of tubes : 
of the external field is 
dN 


d : 
= ——_— => t. 
i di (C cos pt) = pC'sin p 
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Thus, if self-induction were neglected, the current, as given by Ohm’s 
Law, would be 
pC 


a 
“= Sin pt, 


R 


and this of course would agree with that which would be given by equation 
(436) if Z were zero. 


The modifications produced by the existence of self-induction are repre- 
sented by the presence of Z in expression (486), and are two in number. In 
the first place the phase of the current lags behind that of the impressed 


electromotive force by tan 22 and in the second place the apparent resist- 
ance is increased from R to VR? + L*p*, 


515. The conditions assumed in this problem are sufficiently close to 
those which occur in the working of a dynamo to illustrate this working. A 
coil which forms part of a complete circuit is caused to rotate rapidly in a 
magnetic field in such a way as to cut a varying number of lines of induction. 


The quantity — may be supposed to represent the number of aiseceen 
q Ye PP P 


tions per second. In the simple case of a two-pole alternator this will be 
equal to the number of revolutions of the engine by which the dynamo is 
driven, so that the current sent through the circuit will be an “alternating” 
current of frequency equal to that of the engine. In the example given, the 
rate at which heat is generated is (o cos y)? R, and the average rate, averaged 
over a large number of alternations, is $p7R or 

pin 

2 Re4+ Lp" 

This, then, would: be the rate at which the engine driving the dynamo 

would have to perform the work. 


Discharge of a Condenser. 


516. A further example of the effect of induction in a single circuit which 
is of extreme interest is supplied by the phenomenon of the discharge of a 
condenser. 


Let us suppose that the charges on the two plates at any instant are Q 
and —(), the plates being connected by a wire of resistance R and of self- 
induction LZ. If C is the capacity of the condenser, the difference of potential 


of the two plates will be 2. and this will now play the same part as the 


electromotive force of a battery. The equation is accordingly 
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The quantities Q and 7 are not independent, for 7 measures the rate of 
flow of electricity to or from either plate, and therefore the rate of diminution 
of Q. We accordingly have 7=— os and on substituting this expression for 
2, equation (437) becomes 


PQ, pdQ,Q_ 
atta tga. 


The solution is known to be 


a AeA hie ae on eee (438), 
where A, B are arbitrary constants, and 4, A, are the roots of 
Lax? — Ro+h= OR is ast scammer eren (439) 


If the circuit is completed at time t=0, the charge on each plate being 
initially Q, we must have, at time ¢= 0, 


Q=0, s=-B=o, 


and these conditions determine the constants A and B. The equations 
giving these quantities are 


~A+B=Q, Am+Bry=0. 


If the roots of equation (439) are real, it is clear, since both their sum 
and their product are positive, that they must themselves be positive quanti- 
ties. Thus the value of Q given by equation (438) will gradually sink from 
Q, to zero. The current at any instant is 


= Andje~s# (1 — e7Mr=A1) a). 
and this starts by being zero, rises to a maximum and then falls again to 
zero. The current is always in the same direction, so that Q is always of the 
same sign. 


t= 


It is, however, possible for equation (439) to have imaginary roots. This 
will be the case if 

4D, 

Re — vel 


is negative. Denoting R?— = when negative, by —«’, the roots will be 
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so that the solution (438) becomes 
Rt it _it 
Q=¢ * (Aes Be ™) 
Rt 
year 1G ) 
e 24 Doos G ie ok 
where D, ¢ are new constants. In this case the discharge is oscillatory. The 
charge @ changes sign at intervals 2 , so that the charges surge backwards 
and forwards from one plate to the other. The presence of the exponential 
Rt . 


e 2 shews that each charge is less than the preceding one, so that the 
charges ultimately die away. The graphs for @ and 7 in the-two cases of 


(i), sit a (discharge continuous), 


(ii) B< ae (discharge oscillatory), 
are given in figs. 132 and 133. 


Fic. 132. 


(i) discharge continuous. 


Fie. 183. 


(ii) discharge oscillatory. 


The existence of the oscillatory discharge is of interest, as the possibility 
of a discharge of this type was predicted on purely theoretical grounds by 


Lord Kelvin in 1853. Four years later the actual oscillations were observed 
by Feddersen. 
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517. It is of value to compare the physical processes in the two kinds of 
discharge, 


Let us consider first the continuous discharge of which the graphs are 
shewn in fig. 182. The first part of the discharge is similar to the flow 
already considered in § 518. At first we can imagine that the condenser is 
exactly equivalent to-a*battery of electromotive force H =, and the act of 
discharging is equivalent to completing a circuit containing this battery. 
After a time the difference between the two cases comes into effect. The 
battery would maintain a constant electromotive force, so that the current 


would reach a constant final value - , whereas the condenser does not supply 
a constant electromotive force. As the discharge occurs, the potential differ- 
ence between the plates of the condenser diminishes, and so the electromotive 
force, and consequently the current, also diminish. Thus the graph for 7 in 


fig. 132, can be regarded as shewing a gradual increase towards the value 
= (where E -%) in the earlier stages, combined with a gradual falling off of 


the current, consequent on the diminution of Z, in the later stages. 


For the oscillatory discharge to occur, the value of Z must be greater than 
for the continuous discharge. The energy of a current of given amount is 
accordingly greater, while the rate at which this is dissipated by the genera- 
tion of heat, namely :?, remains unaltered by the greater value of Z. Thus 
for sufficiently great values of Z the current may persist even after the con- 
denser is fully discharged, a continuation of the current meaning that the 
condenser again becomes charged, but with electricity of different signs from 
the original charges. In this way we get the oscillatory discharge. 


INDUCTION IN A PatR OF CIRCUITS. 


518. If L, M,N are the coefficients ot induction (Ly, Ly, L.) of a pair of 
circuits of resistances R, S, in which batteries of electromotive forces £,, E, 
are placed, the general equations become 


Tiel G Uda 1m ah a ie ee (440), 


B,— 5 (Mi LENO EIS ali ecene, ak Mone (441), 


Sudden Completing of Circuit. 


519. Let us consider the conditions which must hold when one of the 
circuits is suddenly completed, the process occupying the infinitesimal inter- 
val from t=0tot=7. Let the changes which occur in % and 7, during this 
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interval be denoted by Az, and Az. Equations (440) and (441) shew that 
during the interval from ¢=0 to ¢=7 the values of f (Lin + May) and of 


~“ 


£ (Mi, + Nis) are finite, so that when 7 is infinitesimal, the changes in 
Li,+ Mi, and Mi,+ Ni, must vanish. Thus we must have 
LA, + MAi, = 0, 
MAi, + NAi, = 0. 
Except in the special case in which LN —M?=0 (a case of importance, 
which will be considered later), these equations can be satisfied only by 


Ai,= Ai,=0. Thus the currents remain unaltered by suddenly making a 
circuit, and the change in the currents is gradual and not instantaneous. 


520. Suppose, for instance, that before the instant ¢=0 circuit 2 is 
closed but contains no battery, while circuit 1, containing a battery, is broken. 
Let circuit 1 be closed at the instant ¢=0, then the initial conditions are 
that at time t=0,7,=7,=0. The equations to be solved are 


Pe ely 
(R+E a) 4+ M dt tg = Ey, oe ewer scree recssccces (442), 
d. ase, . 
uit (s+ v5) Fee) etaebm er ditr (443), 


The solution is known to be 
F pee Ly LF 
t= Ae 4 A’e*t + RB 
i, = Be + Ble-*t, 
where A, A’, B, B’ are constants, and X, ’ are the roots of 
(R — Ld) (S— Nr) — M*r?2=0, 


or of RS —(RN + SL) A+ (LN — M*) 2 =0 on... (444), 
The energy of the currents, namely 
4 (Li? + 2Mi1, + Ni), 


being positive for all values of 2, and 2, it follows that LN — M? is necessarily 
positive. Since RS and RN + SL are also necessarily positive, we see that all 
the coefficients in equation (444) are positive, so that the roots A,X’ are both 
positive. 


When t=0, we must have 


(tito = A + A’+ = aN) re cesteaneaeste terete as (445) 


(CAiepen ea holies om (446) 
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and in order that equation (443) may be satisfied at every instant, we must 
have 

— MAnre-* — MA’r’e-** + (S — NX) Be-™ + (S — ND’) B’e-Xt = 


for all values of ¢, and for this to be satisfied the coefficients of e-** and e-*t 
must vanish separately. Thus we must have 


Ria INE LA NeW eee eine fac enc ess setee (447) 
(SHIN) BH=UAN wie cwee ‘se.(448), 
and if these relations are satisfied, and 2, X' are the roots of equation (444), 


then equation (442) will be satisfied RUN From equations (445), (446), 
(447) and (448), we obtain 


5 secs sea b Yon aes ip 6 pair 


MU S= law SN RSD 1 4)” 


and the solution is found to be 


fe ae —At (S- Nd’) F, =x 
RSX (A7? — 0’) SB SS A (V4 =>) ie) 
ME, ME, 


_4=— =N't. 


ee oN eg eee 
RSQ=-N>) RSQ ——>) 


We notice that the current in 1 rises to its steady value =, the rise being 


EL 
R 
similar in nature to that when only a single circuit is concerned (§ 513). The 
rise is quick if \ and » are large—ze. if the coefficients of induction are 
small, and conversely. The current in 2 is initially zero, rises to a maximum 
and then sinks again to zero. The changes in this current are quick or slow 
according as those of current 1 are quick or slow. 


Sudden Breaking: of Circutt. 


521. The breaking of a circuit may be represented mathematically by 
supposing the resistance to become infinite. Thus if circuit 1 is broken, the 
process occurring in the interval from ¢=0 to t=7, the value of A will 
become infinite during this interval, while the value of 7, becomes zero. The 
changes in 7, and 4, are still determined by equations (440) and (441), but we 
can no longer treat R as a constant, and we cannot assert that in the interval 
from 0 to t the value of Rx, is always finite. 


It follows, however, from equation (441) that © (Mi +N 7) remains finite 


throughout the short interval, so that we have, with the same notation as 
before, 
MAi, + NAt, = 0. 
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Suppose for instance that before the circuit 1 was broken we had a steady 


current Ly in circuit 1, and no current in circuit 2. We shall then have 


R oe) 
Ai,=— R ; 
. ME. 
so that Ai, = WR , 
and therefore immediately after the break, the initial current in circuit 2 is 
. ME, 
b= ap: 


This current simply decays under the influence of the resistance of the 
circuit. Putting #,=0 and 7,=0 in equation (441) we obtain 
dt, Pets 
a y™ 


and the solution which gives 7, = initially is 


. ME, -4t 
iP) = WR é ° 
The changes in the current 7, during the infinitesimal interval 7 are of 


interest. These are governed by equation (440), the value of R not being 
constant. 


The value of LZ, is finite, and may accordingly be neglected in comparison 
with the other terms of equation (440), which are very great during the 
interval of transition. Thus the equation becomes, approximately, 


a : é 
Gi (Tidy Aa) oe rele oe coches ccc Meins athe Re eee (449). 
The value of 2 (Mi, + Ni.) is, as we have already seen, finite, so that we 


M .. , 2° 
may subtract iy times this quantity from the left-hand member of equation 


(449) and the equation remains true By doing this we eliminate 7, and 


obtain 
M*® di, 
ee) aa 
The solution which gives to ¢, the initial value (%;), is 


N t 
even ov iN-a J, Rae 
giving the way in which the current falls to zero. We notice that if 
IN — M? is very small, the current falls off at once, while if LN — M? is large, 
the current will persist for a longer time. In the former case the’ breaking 
of the circuit is accompanied only by a very slight spark, in the latter case 
by a stronger spark. 
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One Circuit containing a Periodic Electromotive Force. 


522. Let us suppose next that the circuits contain no batteries, but that 
circuit 1 is acted upon by a periodic electromotive force, say E cos pt, such as 
might arise if this circuit contained a dynamo. 

As in § 514, it is simplest to assume an electromotive force Het: the 
solution actually required will be obtained by ultimately rejecting the 
imaginary terms in the solution obtained. 


The equations to be solved are now 


ee tee diate SRE 
Heit — (Lig Mes) = Biss nen-sgexsstt cases (450), 


Gimp ss ¢ 
— quart UN bs WaRES le Se sane ee mcee eae: (451). 


As before both 7, and 7,, as given by these equations, will involve the 


time only through a factor e?*, so that we may replace ° by zp, and the 


equations become 
Ri, + Lipi, + Mipi, = Ee'', 
Si, + Mipi, + Nipi, = 0, 
from which we obtain 
sit Named bala thane See os. We 
S+Nip -—Mip (R+Lip)(S+ Nip) + Mp" 
The current 7, in the primary is given, from these equations, by 
Ee'vt 


“= Qn 
R+L[np+ ote 


S+ Nip 

Keir 

M*p? (S— Np) 
S? ae N*p? 


R+Lip+ 


IM 272 272 
where RaR+ PEP, Ual- geet 

The case of no secondary circuit being present is obtained at once by 
putting S=oo, and the solution for 7, is seen to be the same as if no 
secondary circuit were present, except that R’, I’ are replaced by & and L. 
Thus the current in the primary circuit is affected by the presence of the 
secondary in just the same way as if its resistance were increased from 
R to RB’, and its coefficient of self-induction decreased from L’ to L. 


J. 30 
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The amplitudes of the two currents are |7,| and |7%,|, so that the ratio of 
the amplitude of the current in the secondary to that in the primary is 


|ia|_ | _—Mip 
la| |S+Nip 
Mp 
EL Ee ee 452 le 
VS? + Np? Soe? 
The difference of phase of the two currents 
= arg t, — arg y 
= arg (42/11) 
sa — Mip 
ae (3 + Hp) 
Ph. 
=~ tan (rp) EN ONT Se. (453). 


523. The analysis is of practical importance in connection with the 
theory of transformers. In such applications, the current usually is of very 
high frequency, so that p is large, and we find that approximately the ratio 


of the amplitudes (cf. expression (452)) is ay while the difference of phase 


(cf. expression (453)) is 7. These limiting results, for the case of p infinite, 
can be obtained at a glance from equation (451). The right-hand member, 


S2,, 18 finite, so that g (Afi, + Ni, is finite in spite of the infinitely rapid 


variations in 7, and 7, separately. In other words, we must have approxi- 
mately Mi,+ Ni, constant, and clearly the value of this constant must be. 
zero, giving at once the two results just obtained. 


524. Whatever the value of p, the result expressed in equation (452) can 
be deduced at once from the principle of energy. The current in the primary 
is the same as it would be if the secondary circuit were removed and R, L 
changed to R’, L’. Thus the rate at which the generator performs work is 
R1/, or averaged over a great number of periods (since 7, is a simple-harmonic 
function of the time) is $R’|2,/?, Of this an amount $R|7,/? is consumed in 
the primary, so that the rate at which work is performed in the secondary is 
}(R/-B) i), ot 

SP le ghee 
2 52 Nepal ° 

This rate of performing work is also known to be 4$8|7,/, and on 
equating these two expressions we obtain at once the result expressed 
by equation (462), 
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Case in which LN — M? is small. 
525. The energy of currents 4, 7, in the two circuits is 
HU eh 0a te Na?) send Gt. <n tihewosttee (454) 


and since this must always be positive, it follows that LN —M? must neces- 
' sarily be positive. The results obtained in the special case in which LN — M? 
is so small as to be negligible in comparison with the other quantities 
involved are of special interest, so that we shall now examine what special 
features are introduced into the problems when LN — WM? is very small. 


Expression (454) can be transformed into 


: .,, LN-M?, 
$ (Li, + Mr, + GROW Pian de", 
so that when LN — M? is neglected the energy becomes 
(In, + Mi), 
and this vanishes for the special case in which the currents are in the ratio 
1,/t2=— M/L. This enables us to find the geometrical meaning of the relation 


IN-—M?=0. For since the energy of the currents, as in § 501, is 
1 2 2 2 
all pe (e+ 8 +9), 


we see that this energy can only vanish if the magnetic force vanishes at 
every point. This requires that the equivalent magnetic shells must coincide 
and be of strengths which are equal and opposite. Thus the two circuits 
must coincide geometrically. The number of turns of wire in the circuits 
may of course be different: if we have r turns in the primary and s in the 
secondary, we must have 


and when the currents are such as to give a field of zero energy, each fraction 
is equal to — 1/2. 


526. Let us next examine the modifications introduced into the analysis 
by the neglect of ZN — M? in problems in which the value of this quantity is 
small. We have the general equations (§ 518), 


Bee (TP OMN SR Ae (455), 
E,- 2 AiR IOs Se eee (456). 


If we multiply equation (455) by M and equation (456) by LD and sub- 
tract, we obtain 
MB = Lig BRM, — Sig Aoviscvvccsenseessns (457), 
an equation which contains no differentials. 
30—2 
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527. To illustrate, let us consider the sudden making of one circuit, 
discussed in the general case in § 519. The general equations there obtained, 


namely x 
LAi, + MAr, = 0, 


MAi, + NAr, = 0, 


now become identical. We no longer can deduce the relations Az, = Ar, =0, 
but have only the single initial conditions 

Ay M 

aR ate vee vague seialasmeaeseaesers 458). 

Ae bagel See 

But by supposing equations (455) and (456) replaced by equations (455) 

and (457) we have only one differential coefficient and therefore only one 
constant of integration in the solution, and this can be determined from 
the one initial condition expressed by equation (458). 


Let us, for instance, consider the definite problem discussed (for the 
general case) in § 520. Circuit 2 contains no battery so that #,=0, and at 
time t=0 circuit 1 is suddenly closed, so that the electromotive force: EZ, 
comes into play in the first circuit. The initial currents are given by 


(from equation (458)), Ty Mg = Oss as cree 2s ee (459), 

Coal Giisate (Lay Le” en Se ee) me Sie Aa (460), 
Se au MEL ingie ae 

eu M~—L~ Ri?+SL) L(RN+SL) 


Thus finite currents come into existence at once, but the system of 
currents is one of zero energy, since equation (459) is satisfied. To find the 


subsequent changes, we multiply equation (455) by 4 and equation (456) by ; 


= (putting £,=0), and find on addition 


LEM (Le ON pee age 
Re iF (5 +5) at (In, + Mi.) =I, + Mi, 


of which the solution, subject to the initial condition Li, + Mi,=0, is 


RS 
bi,+Mi= oe (a ie Fhe : 
From this and equation (460) we obtain 
ty oa Io uy 


RS = 2S Sera: 
N+ (1-0 BY") Me B¥z5" ee 


and these equations give the currents at any time. 
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These results can of course be deduced also by examining the limiting 
form assumed by the solution of § 520, when LN — M? vanishes. 

The problem of the breaking of a circuit, discussed in § 521, can be 
examined in a similar way in the special case in which LV — M?=0. The 
current % in the broken circuit is found to disappear instantaneously, its 
energy immediately reappearing as that of a current Li,/M in circuit (2); 
this latter current then decays under the resistance of the circuit. 


EXAMPLES, 


1. A coil is rotated with constant angular velocity » about an axis in its plane in a 
uniform field of force perpendicular to the axis of rotation. Find the current in the coil 
at any time, and shew that it is greatest when the plane of the coil makes an angle 
tan7! (=) with the lines of magnetic force. 

2. The resistance and self-induction of a coil are R and Z, and its ends A and B are 
connected with the electrodes of a condenser of capacity C by wires of negligible resistance. 
There is a current J cos pt in a circuit connecting A and B, and the charge of the con- 
denser is in the same phase as this current. Shew that the charge at any time is 
AI cos pt, and that C(R?+p?Z?)=Z. Obtain also the current in the coil. 

3. The ends B, D of a wire (&, LZ) are connected with the plates of a condenser of 
capacity C. The wire rotates about BD which is vertical with angular velocity , the 
area between the wire and BD being A. If His the horizontal component of the earth’s 
magnetism, shew that the average rate at which work must be done to maintain the 
rotation is 

4 H?A?C?Rot/[ K?0%0? + (1 — CLe?)?]. 

4, A closed solenoid consists of a large number J of circular coils of wire, each of 
radius a, wound uniformly upon a circular cylinder of height 24, At the centre of the 
cylinder is a small magnet whose axis coincides with that of the cylinder, and whose 
moment is a periodic quantity »sin pt. Shew that a current flows in the solenoid whose 
intensity is approximately 

QrpNp 
{(a?-+h?) (R?-+ L2p?)}3 


where R, L are the resistance and self-induction of the solenoid, and tan a= R/Ip. 


sin (pt+a), 


5. A circular coil of n turns, of radius a and resistance #, spins with angular velocity 


@ round a vertical diameter in the earth’s horizontal magnetic field H: shew that the 
F eed ee en Adsalt: wae 
average electromagnetic damping couple which resists its motion is o(RP+ aL) Given 


H=017, n=50, R=1 ohm, a=10cm.,, and that the coil makes 20 turns per second, 
express the couple in dyne-centimetres, and the mean square of the current in amperes. 


6. A condenser, capacity C, is discharged through a circuit, resistance &, induction L, 
containing a periodic electromotive force Hsinnt. Shew that the “forced” current in the 


circuit is 
1\7]-3 
Esin (nt —@) [ +(nz-z,) ] , 
where tan 6=(n2CL—1)/nCR. 
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7. Two circuits, resistances 2, and Re, coefficients of induction L, M, N, lie near each 
other, and an electromotive force H is switched into one of them. Shew that the total 
quantity of electricity that traverses the other is ELM/R, Ro. 

8. A current is induced in a coil B by a current Jsin pt in a coil A. Shew that the 
mean force tending to increase any coordinate of position @ is 

_, PeLM aM 
2 R24 [2p2 06’ 
where L, MV, N are the coefficients of induction of the coils, and £ is the resistance of B 

9, A plane circuit, area S, rotates with uniform velocity about the axis ot z, which 
lies in its plane at a distance A from the centre of gravity of the area. A magnetic 
molecule of strength p is fixed in the axis of w at a great distance a from the origin, 
pointing in the direction Ox. Prove that the current at time ¢ *s approximately 

ISop 9Saph 
a3 (R? + Do?) at (R24 41%0%)3 


where 7, « are determinate constants. 


cos (wt —€) + cos (2at —n), 


10. Two points A, B are joined by a wire of resistance & without. self-induction ; 
B is joined to a third point C by two wires each of resistance 2, of which one is without 
self-induction, and the other has a coefficient of induction Z . If the ends A, C are kept 
at a potential difference HZ cos pt, prove that the difference of potentials at B and C will 
be £’ cos (pt—-y), where 
Bm E oars api 
11. A condenser, capacity C, charge Q, is discharged through a circuit of resistance 
R, there being another circuit of resistance S in the field. If LV=M?, shew that there 
will be initial currents —VQ/C(RV+SZ) and MQ/C(RN-+ SL), and find the currents at 
any time. 


R24 pL? 4 __ pLR 
} ) tan yo Alt pone 


12. Two insulated wires A, B of the same resistance have the same coefficient of 
self-induction Z, while that of mutual induction is slightly less than Z. The ends of B 
are connected by a wire of small resistance, and those of A by a battery of small resistance, ~~ 
and at the end of a time ¢ a current 7 is passing through A. Prove that except when ¢ is 
very small, 

t=$ (+?) 
approximately, where % is the permanent current in A, and 7’ is the current in each after 
a time ¢, when the ends of both are connected in multiple are by the battery. 


13. The ends of a coil forming a long straight uniform solenoid of m turns per unit 
length are connected with a short solenoidal coil of m turns and cross-section .A, situated 
inside the solenoid, so that the whole forms a single complete circuit. The latter coil can 
rotate freely about an axis at right angles to the length of the solenoid. Shew that in free 
motion without any external field, the current 7 and the angle 6 between the cross-sections 
of the coils are determined by the equations 


: i hai ; 
hki=—- 7 (Lyi + Lni+ 8amnAi cos 6), 
a6 
dt? 


where Jy, Lz are the coefficients of self-induction of the two coils, J is the moment of 
inertia of the rotating coil, # is the resistance of the whole circuit, and the effect of the 
ends of the long solenoid is neglected. 


18 


+4nrmnA? sin 6=0, 
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14, Two electrified conductors whose coefficients of electrostatic capacity are yj, y2, T 


are connected through a coil of resistance & and large inductance L. Verify that the 
frequency of the electric oscillations thus established is 


1 (tnt) i) 


Qqr 


“ye? Lo 4 

15, An electric circuit contains an impressed electromotive force which alternates 
in an arbitrary manner and also an inductance. Is it possible, by connecting the 
extremities of the inductance to the poles of a condenser, to arrange so that the current 
in the circuit shall always be in step with the electromotive force and proportional to it? 


16. Two coils (resistances 2, S; coefficients of induction LZ, U, V ) are arranged in 
parallel in such positions that when a steady current is divided between the two, the 
resultant magnetic force vanishes at a certain suspended galvanometer needle. Prove . 
that if the currents are suddenly started by completing a circuit including the coils, then 
the initial magnetic force on the needle will not in general vanish, but that there will be 
a “throw” of the needle, equal to that which would be produced by the steady (final) 
current in the first wire flowing through that wire for a time interval 

M-I M-N 
ro se 

17. A condenser of capacity Cis discharged through two circuits, one of resistance R 
and self-induction Z, and the other of resistance 2’ and containing a condenser of capacity 
C’. Prove that if Q is the charge on the condenser at any time, 

CQ (L L PGE if die kt 5) pie 
LR Get (gt gtBk) G+ OtTOTGE de * 0 

18. A condenser of capacity C is connected by leads of resistance 7, so as to be in 
parallel with a coil of self-induction Z, the resistance of the coil and its leads being R. If 
this arrangement forms part of a circuit in which there is an electromotive force of period 


as , shew that it can be replaced by a wire without self-induction if 
é (R- L|0)=pL0 2 L|0), 
and that the resistance of this equivalent wire must be (27+ Z/C)/(R+r). 


19. Two coils, of which the coefficients of self- and mutual-induction are Z,, Lo, M, 
and the resistances R,, 22, carry steady currents C,, C, produced by constant electro- 
motive forces inserted in them. Shew how to calculate the total extra currents produced 
in the coils by inserting a given resistance in one of them, and thus also increasing its 
coefficients of induction by given amounts. 


In the primary coil, supposed open, there is an electromotive force which would 
produce a steady current C, and in the secondary coil there is no electromotive force. 
Prove that the current induced in the secondary by closing the primary is the same, as 
regards its effects on a galvanometer and an electrodynamometer, and also with regard to 
the heat produced by it, as a steady current of magnitude 

, Cun, 
~* Ry Lg + By Ly’ 
Ry Ly+ Roly 
lasting for a time aii 
while the current induced in the secondary by suddenly breaking the primary ees as 
be represented in the same respects by a steady current of magnitude Ci//2Z, lasting for 


a time 2L,/ fz. 
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20. Two conductors ABD, ACD are arranged in multiple arc. Their resistances are 
R, S and their coefficients of self- and mutual-induction are ZL, WV, and Mf. Prove that 
when placed in series with leads conveying a current of frequency p, the two circuits 
produce the same effect as a single circuit whose coefficient of self-induction is 


NR+LS?+2URS+ po? (LN — M*) (L+ NV —- ni 
(L+N-2M)* p?+ (+8)? 
and whose resistance is 
RS (S+Rh)+p2{R(N- M)?+8 (L— i) 
. (L4+N-2M)?p?+(R+8)? ; 


21. A condenser of capacity C containing a charge @ is discharged round a circuit in 
the neighbourhood of a second circuit. The resistances of the circuits are R, S, and their 
. coefficients of induction are LZ, U/, WV. 


Obtain equations to determine the currents at any moment. 


If # is the current in the primary, and the disturbance be over in a time less than 7, 
shew that _ 
N?R i? Q? NPRS 3 
Seat a 2 ap =. Jee 
{ ie ( +5) + sxR} [" wae Ta +ty—* oa} 


and that 


2 
ees (west 


; 
: )+ sezn| | : sdi=z © (OS*L+ OSIR-+ NA, 


T 
Examine how | #2dt varies with S. 
0 


CHAPTER XV 
INDUCTION OF CURRENTS IN CONTINUOUS MEDIA 


GENERAL EQUATIONS. 

528. WE have seen that when the number JN, of tubes of induction, 
which cross any circuit, is changing, there is an electromotive force — os 
acting round the circuit. Thus a change in the magnetic field brings into 
. play certain electric forces which would otherwise be absent. 


We have now abandoned the conception of action at a distance, so that 
we must suppose that the electric force at any point depends solely on the 
changes in the magnetic field at that point. Thus at a point at which the 
magnetic field is changing, we see that there must be electric forces set up 
by the changes in the magnetic field, and the amount of these forces must be 
the same whether the point happens to coincide with an element of a closed 
conducting circuit or not. 

Let ds be an element of any closed circuit drawn in the field, either in a 
conducting medium or not, and let X, Y, Z denote the components of electric 
intensity at this point. Then the work done by the electric forces on a unit 
electric charge in taking it round this circuit is 


dx dy dz | 
| ag +Y aa +Z =) Sigh antes Seapine (461), 


, dN : 
and this, by the principle just explained, must be equal to sae where JV is 
the number of tubes of induction which cross this circuit. 


529. We have (cf. § 437) 
N= i | Tio BAe ESP eg phe tees (462), 


4 aN 
so that on equating expression (461) to Sse have 


dx dy dz [f da db de 
[(x $+ pe e7e) pee. (: atm tng) ds ...(468). 
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The left-hand member is equal, by Stokes’ Theorem (§ 438), to . 
OL, OX 0X 02 7) dS, 
he ye ao (ae 750) * * Ge 


the integration being over the same area as that on the right hand of equa- 


tion (463). Hence we have 
OZ = da 0X 0Z db. OY ax de | dS =. 
ke ee + a ae oe age aad +3) 


This equation is true for every surface, so that not only must each inte- 
grand vanish, but it must vanish for all possible values of J, m, n. Hence each 
coefficient of J, m, n must vanish separately. We must accordingly have 


da 04 OY 
ae ae Et ate ae Ss oles Sig ceo NRwC eee sam 464), 
dt oy 2 So 

_ db 20k 0m 
sme Me, aah Sonic saniie teaehens a 465), 
Giakcaeoode i al (465) 

Gonna Ys nox 
min a Ty dosh Heel (466) 


530. The components Ff, G, H of the See vector-potential are 
given, as in equations (376), by 
oH 0G 
= oy = ag BIOLCAP Sek Sedat nealie atten ee (467). 
‘On comparing these equations with equations (464)—(466), it is clear 
that the simplest solution for the vector-potential is given by the relations 


OF _ 0G __y Hf __ 
Ch ae Gt Ap we sh Oa 
If F, G, H is the most general vector-potential, we must have relations of 


the form (cf. equations (375)) 
oF ov 
Be. =—X— a. Sr OUGH Bias cotuitocteier emcees (469), 


where Y is an arbitrary function replacing the — y of equations (875). 


— X, 


531. Writing these relations in the form 


dF ov 

pi a te (470), 
dG ov 

y= = Ae = oy Cee e eee eererccesseccececes (471), 
dH ov 

Z= cad “Gi — Oz eeorcceccscevcceccccseccees (472), 


we have equations giving the electric forces explicitly, 
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The function Y has, so far, had no physical meaning assigned to it. 
Equations (470), (471), (472) shew that the electric force (X, Y, Z) can be 
regarded as compounded of two forces: 


(i) a force (- = ; a -=) arising from the changes in the mag- 
netic field ; vit 

(ii) a force of components (- = 5 -=) which is present when 
there are no magnetic changes occurring. 


We now see that the second force is the force arising from the ordinary 
electrostatic field, so that we may identify V with the electrostatic potential 
when no changes are occurring. The meaning to be assigned to Y when 
changes are in progress is discussed below (Chapter XX). 


532. Ifthe medium is a conducting medium, the presence of the electric 
forces sets up currents, and the components u, v, w of the current at any 
point are, as in § 374, connected with the currents by the equations 


xX =TU, Y=7v, Z=Tw, 


these equations being the expression of Ohm’s Law, where is the specific 
resistance of the conductor at the point. 


On substituting these values for X, Y, Z in equations (464)—(466) or 
(470)—(472), we obtain a system of equations connecting the currents in 
the conductor with the changes in the magnetic field. 


533. There is, however, a further system of equations expressing rela- 
tions between the currents and the magnetic field. We have seen (§ 480) 
that a current sets up a magnetic field of known intensity, and since the 
whole magnetic field must arise either from currents or from permanent 
magnets, this fact gives rise to a second system of equations. 


In a field arising solely from permanent magnetism, we can take a unit 
pole round any closed path in the field, and the total work done will be nil. 
Hence on taking a unit pole round a closed circuit in the most general 
magnetic field, the work done will be the same as if there were no perma- 
nent magnetism, and the whole field were due to the currents present. The 
amount of this work, as we have seen, is 4737, where 27 is the sum of all the 
currents which flow through the circuit round which the pole is taken, If 
u, v, w are the components of current at any point, we have 


Six | (lu + mv + nw) dS, 


the integration being over any area which has the closed path as boundary. 
Hence our experimental fact leads to the equation 


dx dif dZN If 
[(aqere get yg) tea ae (lu + mv + nw) d8. 
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Transforming the line integral into a surface integral by Stokes’. Theorem 
(§ 438), we obtain the equation in the form 
eee Be \ en (2-4 )} as =0. 
[fiGe-ge- 4) + Epon 4nv) +n bo wes Tw 


As with the integral of § 529, each integrand must vanish for all values 
of 1, m, n, so that we must have 


yeh OO a ae ee (473), 
oy Oz 
gdawngOy AT 4, 
4crv plead PR (474), 
0B oa 
EET ne en 475 
: Oa oy a 


534. If we differentiate these three equations with respect to #, y, z 
respectively and add, we obtain 


ow ov ow ‘ 
5a * By a ue me aon ahs di tict besser ira Wa (476) 


of which the meaning (cf. § 375, equation (311)) is that no electricity is 
destroyed or created or allowed to accumulate in the conductor. 


The interpretation of this result is not that it is a physical impossibility for electricity 
to accumulate in a conductor, but that the assumptions upon which we are working are 
not sufficiently general to cover cases in which there is such an accumulation of electricity. 
It is easy to see directly how this has come about. The supposition underlying our 
equations is that the work done in taking a unit pole round a circuit is equal to 47 times 
the total current flow through the circuit. It is only when equation (476) is satisfied by 


the current components that the expression “total flow through a circuit” has a definite. 


significance: the current flow across every area bounded by the circuit must be the same. 
We shall see later (Chapter xvi1) how the equations must be modified to cover the case 
of an electric flow in which the condition is not satisfied. For the present we proceed upon 
the supposition that the condition is satisfied. 


Currents in homogeneous media. 


535. Let us now suppose that we are considering the currents in a 
homogeneous non-magnetised medium. We write 


a= pa, etc, X = tu, etc., 


in which » and 7 are constant. The systems of equations of §§ 529 and 533 
now become 


da ow ov 
B di e ss) 5 CLC ceca teo eee eee R eee (477), 
dor = — 22 ete wasdeabes Cuccuoemdicn terse ee (478) 
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Differentiating equation (478) with respect to the time, we obtain 
du_ 0 dy)_2 (48 
edema (» G) ~a (# 
mae fO Ot) 8 et 
= Ny @ =a) oz \oz a 
“ (Ou Ou eu\ 8 fou. dv. dw 
ow Haathap? on) ~ be cpt at Ne 
=("V tu, 


in virtue of equation (476). 


Similar equations are satisfied by the other current-components, so that 
we have the system of differential equations 


miele 
cee ee ee. ae (479) 
der dw =V2w 

GF t 


If we eliminate the current-components from the system of equations 
(477) and (478), we obtain 


and similar equations are satisfied by b and c. 


536. The equation which has been found to be satisfied by u, », w, 
a, B and y is the well-known equation of conduction of heat. Thus 
we see that the currents induced in a mass of metal, as well as the com- 
ponents of the magnetic field associated with these currents, will diffuse 
through the metal in the same way as heat diffuses through a uniform 
conductor. 


Rapidly alternating currents. 


537. The equations assume a form of special interest when the currents 
are alternating currents of high frequency. We may assume each component 
of current to be proportional to ¢?' (cf. § 514), and may then replace the 


operator ” by the multiplier ip. The equations now assume the form 


di 
LL Di gah fT) aaa ea LER (481), 
= 


see a=V?2a, etc. 
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and if p is so large that it may be treated as infinite, these equations assume 
the simple form 
u=v=w=0, 


a=b=c=0. 


Thus for currents of infinite frequency, there is neither current nor 
magnetic field in the interior. The currents are confined to the surface, 
and the only part of the conductor which comes into play at all is a thin 
skin on the surface. 


Equations (481) enable us to form an estimate of the thickness of this 
skin when the frequency of the currents is very great without being actually 
infinite. 


At a point O on the surface of the conductor, let us take rectangular 
axes so that the direction of the current is that of Ox while the normal to 
the surface is Oz. If the thickness of the skin is very small, we need not 
consider any region except that in the immediate neighbourhood of the 
origin, so that the problem is practically identical with that of current 
flowing parallel to Ow in an infinite slab of metal having the plane Oxy 
for a boundary. 


Equation (481) reduces in this case to 


4Sapip dw 
7 da? 


and if we put =x’, the solution is 


4 wap 
T 
u= Ae7*2 ie Ber, 


The value of « is found to be 


e=/ 2B +9), 


ox [Pais =a / 2H a/ tees a/R ie 
so that u= Ae tie TTAB, é ik sae 


e T 


and the condition that the current is to be confined to a thin skin may now 
be. expressed by the condition that u=0 when = 0; and is accordingly 
B=0. The multiplier A is independent of z, but will of course involve 
the time through the factor ¢”*; let us put A =e, and we then have 


the solution 
¥ ny aa ; (ve a/ 28H 2) 
VR 


U = U@ 5 é 
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Rejecting the imaginary part, we are left with the real solution 
U = Ue J T “cos (pt— 4/ 27H? 2), 


from which we see that as we pass inwards from the surface of the con- 
ductor, the phase of the current changes at a uniform rate, while its amplitude 
decreases exponentially. 


We can best form an idea of the rate of decrease of the amplitude by considering a 
concrete case. For copper we may take (in c.a.s. electromagnetic units) w=1, r=1600. 
Thus for a current which alternates 1000 times per second, we have 


p=2mn x 1000, re PtHP 5 approximately. 


It follows that at a depth of 1 cm. the current will be only e—5 or 0067 times its value 
at the surface. Thus the current is practically confined to a skin of thickness 1 cm. 


The total current per unit width of the surface at a time ¢ is | udz, of 
2=0 
which the value is found to be 


Uo COS (vt = i) 
wi 4rup 
s 
Thus, if we denote the amplitude of the aggregate current by U, the 


/derup 
oa 


value of uw will be U 


The heat generated per unit time in a strip of unit width and unit 


length is 
t=1 fz=0 
T | | wdtdz 
=0 / z=0 


Z=0 Ny, 
= bru? { é 
0 


a 


myrtle, / AHP 
T 


Thus the resistance of the conductor is the same as would be the 


TT 


2 


Ep 
z 
Lane f-2 


Qarep 
resistance for steady currents of a skin of depth 2 < TEP 


The results we have obtained will suffice to explain why it is that the conductors used 
to convey rapidly alternating currents are made hollow, as also why it is that lightning 
conductors are made of strips, rather than cylinders, of metal. 
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PLANE CURRENT-SHEETS. 


: 
538. We next examine the phenomenon of the induction of currents 
in a plane sheet of metal. 


Let the plane of the current-sheet be taken to be z=0. Let us introduce 
a current-function ®, which is to be defined for every point in the sheet by 
the statement that the total strength of all the currents which flow between 
the point and the boundary is ®. Then the currents in the sheet are known 
when the value of ® is known at every point of the sheet. If we assume 
that no electricity is introduced into, or removed from, the current-sheet, or 
allowed to accumulate at any point of it, then clearly ® will be a single- 
valued function of position on the sheet. 


The equation of the current-lines will be ®=constant, and the line 
® =0 will be the boundary of the current-sheet. Between the lines ® and 
® +d® we have a current of strength d® flowing in a closed circuit. The 
magnetic field produced by this current is the same as that produced by 
a magnetic shell of strength d® coinciding with that part of the current- 
sheet which is enclosed by this circuit, so that the magnetic effect of the 
whole system of currents in the sheet is that of a shell coinciding with 
the sheet and of variable strength @. This again may be replaced by a 
distribution of magnetic poles of surface density ®/e on the positive side of 
the sheet, together with a distribution of surface density —@/e on the 
negative side of the sheet, where e is the thickness of the sheet. 


Let P denote the potential at any point of a distribution of poles of 
strength ®, so that a 


mei h| dal de. tention eaee (482), 


where da’ dy’ is any element of the sheet. The magnetic potential at any 
point outside the current-sheet of the field produced by the currents is then 


If o is the resistance of a unit square of the sheet at any point, and 
u,.v the components of current, we have, by Ohm’s Law, 


A =cu, Y=ov. 
The components u, v are readily found to be given by 


_a® ab 


Gptle Gap 


u 
Ox’ 
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so that we have the equations , 


_ _0® _  _0® 
Te oy? aia Co ercerceccevccscsees (484) 
true at every point of the sheet. 
Hence, by equation,(466), 
mee OY ax CD Pd 
Teg eo a Ceececccesceses (485) 


The total magnetic field consists of the part of potential Q due to the 
currents and a part of potential (say) ’, due to the magnetic system by which 
the currents are induced. Thus the total magnetic potential is 2+, and 
at a point just outside the current-sheet (taking »=1) 


de _d a } 
pao aar) 
the equation (485) becomes 
do eae dD PD 
Ti ag (27+ 2 Ne ee Pe eee eres esserees (486) 


The function P (equation (482)) is the potential of a distribution of poles 
of surface density ® on the sheet. Hence P satisfies Laplace’s equation at 
all points outside the sheet, and at a point just outside the sheet and on its 


positive face — = = 27®, 


Hence, at a point just outside the positive face of the sheet, 


ed FD sa ( Cod i o*P ) 
oat * dy? —-Qar \Oa?dz * Oy?dz 
o\ BeBe 
Qo O28 
od fs flak 
Oar Oz?’ 
by equation (483), so that equation (486) becomes 
do a 0O 
arse fe ds clears apeayeinenilc 487), 
ieee) ae dee ae) 
and similarly, at the negative face of the sheet, we have the equation 
da pun aor) 
Hag + = — oF ae doeecacevesrccccsecgs (488). 


Finite Current-sheets. 


539. Suppose that in an infinitesimal interval any pole of strength m 
moves from P to Q. This movement may be represented by the creation 
of a pole of strength —m at P and of one of strength +m at Q. Thus 


7, 31 
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the most general motion of the inducing field may be replaced by the crea- 
tion of a series of poles. The simplest problem arises when the inducing 
field is produced by the sudden creation of a single pole, and the solution 
of the most general problem can be obtained from the solution of this simple 
problem by addition. 


From equations (487) and (488) it is clear that £2 (0+0) remains 
finite on both surfaces of the sheet during the sudden creation of a new 


pole, so that £ (040 remains unaltered in value over the whole surface 


of the sheet. Let the increment in 2 (040 at any point in space be 


denoted by A, then A is a potential of which the poles are known in the 
space outside the sheet, and of which the value is known to be zero over 
the surface of the sheet. The methods of Chapter vill are accordingly 
available for the determination of A: the required value of A is the 
electrostatic potential when the current-sheet is put to earth in the 


presence of the point charges which would give a potential = if the sheet 


were absent. 


Physically, the fact that 2 (040% remains unaltered over the whole 


surface of the sheet means that the field of force just outside the sheet 
remains unaltered, and hence that currents are instantaneously induced in 
the sheet such that the lines of force at the surfaces of the sheet remain 
unaltered. 


The induced currents can be found for any shape of current-sheet for z 
which the corresponding electrostatic problem can be solved*, but in general 
the results are too complicated to be of physical interest. 


Infinite Plane Current-sheet. 


540. Let the current-sheet be of infinite extent, and occupy the whole 
of the plane of wz, and let the moving magnetic system be in the region 
in which z is negative. Then throughout the region for which z is positive 
the potential Q +’ has no poles, and hence the potential 


d a ee OTC 
di de (+9) — a7 a 


* See a paper by the author, ‘“ Finite Current-sheets,” Proc. Lond. Math. Soc. Vol. xxx1 
p. 151. : : 
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has no poles. Moreover this potential is a solution of Laplace’s equation, 
and vanishes over the boundary of the region, namely at infinity and over 
the plane z=0 (cf. equation (487)). Hence it vanishes throughout the 
whole region (cf. § 186), so that equation (487) must be true at every point 
in the region for which z is positive. We may accordingly integrate with 
respect to z and obtain’the equation in the form 


no arbitrary function of 2, y being added because the equation must be 
satisfied at infinity. 


The motion of the system of magnets on the negative side of the sheet 
may be replaced, as in § 539, by the instantaneous creation of a number of 
poles. At the creation of a single pole currents are set up in the sheet such 
that ©+/ remains unaltered (cf. equation (489)) on the positive side of 
the sheet. Thus these currents form a magnetic screen and shield the space 
on the positive side of the sheet from the effects of the magnetic changes on 
the negative side. 


To examine the way in which these currents decay under the influence 
of resistance and self-induction, we put Q’=0 in equation (489), and find 
that © must be a solution of the equation 


Le erage) 
dt = 2a 02° 
The general solution of this equation is 
2= f(a, OF s+<t), 
and this corresponds to the initial value 
O= F(a, y, 2). 


Thus the decay of the currents can be traced by taking the field of 
potential © at time t=0 and moving it parallel to the axis of z with a 


velocity : 


31—2 
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EXAMPLES. 


1. Prove that the currents induced in a solid with an infinite plane face, owing to 
magnetic changes near the face, circulate parallel to it, and may be regarded as due to 
the diffusion into the solid of current-sheets induced at each instant on the surface so as © 
to screen off the magnetic changes from the interior. 

Shew that for periodic changes, the current penetrates to a depth proportional to the 
square root of the period. Give a solution for the case in which the strength of a fixed 
inducing magnet varies as cos pt. 


2. A magnetic system is moving towards an infinite plane conducting sheet with 
velocity w. Shew that the magnetic potential on the other side of the sheet is the same 
as it would be if the sheet were away, and the strengths of all the elements of the magnetic 
system were changed in the ratio 2/(R+w), where 27f is the specitic resistance of the 
sheet per unit area. Shew that the result is unaltered if the system.is moving away from 
the sheet, and examine the case of w= — fi. 


If the system is a magnetic particle of mass J/ and moment m, with its axis perpen- 
dicular to the sheet, prove that if the particle has been projected at right angles to the 
sheet, then when it is at a distance z from the sheet, its velocity 2 is given by 


43 (é- RY =0-m?/82. 


3. A small magnet horizontally magnetised is moving with a velocity w parallel to a 
thin horizontal plate of metal. Shew that the retarding force on the magnet due to the 
currents induced in the plate is 

m? uk 

(2c) Q(Q+2)’ 
where m is the moment of the magnet, ¢c its distance above the plate, 272 the resistance 
of a sq. cm. of the plate, and Q@?=wu?+ 22. 


4, <A slowly alternating current J cos pt is traversing a small circular coil whose 
magnetic moment for a unit current is Mf A thin spherical shell, of radius @ and specific 
resistance o, has its centre on the axis of the coil at a distance f from the centre of the 
coil. Shew that the currents in the shell form circles round the axis of the coil, and that~ 
the strength of the current in any circle whose radius subtends an angle cos~!y at the 
centre is 


M Ip 
ZF ( acer > (Qn nt1)(S) 5 Fu C08 én 008 (Di — en)s 
where tan En => Qn+le “ 
4rpa 


5. An infinite iron plate is bounded by the parallel planes x=h, x= —h; wire is 
wound uniformly round the plate, the layers of wire being parallel to the axis of ge) lt an. 
alternating current is sent through the wire producing outside the plate a magnetic force 
HH, cos pt parallel to z, prove that H, the magnetic force in the plate at a distance x from 
the centre, will be given by 


h 2x +cos 2ma\4 
He Cosh AM% + COs 2mx 
: (= 2Qmh+ cos ao cos (pt +8), 


janes sinh m (h+-2) sin m (h—«) —sinh m (h—- x) sin m (h+2) 
cosh m (A+ x) cos m (h—a)+cosh m (k=) cos m (A+a)’ 


where m=2rpplo. 


Discuss the special cases of (i) mA small, (ii) mh large. 


CHAPTER XVI 


DYNAMICAL THEORY OF CURRENTS 


GENERAL THEORY OF DYNAMICAL SYSTEMS. 


541. We have so far developed the theory of electromagnetism by 
starting from a number of simple data which are furnished or confirmed by 
experiment, and examining the mathematical and physical consequences 
which can be deduced from these data. 


There are always two directions in which it is possible for a theoretical 
science to proceed. It is possible to start from the simple experimental data 
and from these to deduce the theory of more complex phenomena. And it 
may also be possible to start from the experimental data and to analyse these 
into something still more simple and fundamental. We may, in fact, either 
advance from simple phenomena to complex, or we may pass backwards from 
simple phenomena to phenomena which are still simpler, in the sense of 
being more fundamental. 


As an example of a theoretical science of which the development is almost 
entirely of the second kind may be mentioned the Dynamical Theory of 
Gases. The theory starts with certain simple experimental data, such as 
the existence of pressure in a gas, and the relation of this pressure to the 
temperature and density of a gas. And the theory is developed by shewing 
that these phenomena may be regarded as consequences of still more funda- 
mental phenomena, namely the motion of the molecules of the gas. 


In our development of electromagnetic theory there has so far been but 
little progress in this second direction. It is true that we have seen that the 
phenomena from which we started—such as the attractions and repulsions 
of electric charges, or the induction of electric currents—may be interpreted 
as the consequences of other and more fundamental phenomena taking place 
in the ether by which the material systems are surrounded. We have even 
obtained formulae for the stresses and the energy in the ether. But it has 
not been possible to proceed any further and to explain the existence of these 
stresses and energy in terms of the ultimate mechanism of the ether. 
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The reason why we have been brought to a halt in the development of 
electromagnetic theory will become clear as soon as we contrast this theory 
with the theory of gases. The ultimate mechanism with which the theory of 
gases is concerned is that of molecules in motion, and we know (or at least 
can provisionally assume that we know) the ultimate laws by which this 
motion is governed. On the other hand the ultimate mechanism with which 
electromagnetic theory is concerned is that of action in the ether, and we are 
in utter ignorance of the ultimate laws which govern action in the ether. 
We do not know how the ether behaves, and so can make no progress towards 
explaining electromagnetic phenomena in terms of the behaviour of the ether. 


542. There is a branch of dynamics which attempts to explain the 
relation between the motions of certain known parts of a mechanism, even 
when the nature of the remaining parts is completely unknown. We turn to 
this branch of dynamics for assistance in the present problem. The whole 
mechanism before us consists of a system of charged conductors, magnets, 
currents, etc., and of the ether by which all these are connected. Of this 
mechanism one part (the motion of the material-bodies) is known to us, while 
the remainder (the flow of electric currents, the transmission of action by the 
ether, etc.) is unknown to us, except indirectly by its effect on the first part 
of the mechanism. 


543. An analogy, first suggested by Professor Clerk Maxwell, will ex- 
plain the way in which we are now attacking the problem. 


Imagine that we have a complicated machine in a closed room, the only 
connection between this machine and the exterior of the room being by 
means of a number of ropes which hang through holes in the floor into the 
room beneath, A man who cannot get into the room which contains the - 
machine will have no opportunity of actually inspecting the mechanism, but 
he can manipulate it to a certain extent by pulling the different ropes. If, 
on pulling one rope, he finds that others are set into motion, he will under- 
stand that the ropes must be connected by some kind of mechanism above, 
although he may be unable to discover the exact nature of this mechanism. 


In this analogy, the concealed mechanism is supposed to represent those parts of the 
universe which do not directly affect our senses—e.g. the ether—while the ropes represent 
those parts of which we can observe the motion—e.g. material bodies. In nature, there 
are certain acts which we can perform (analogous to the pulling of certain ropes), and these 
are invariably followed by certain consequences (analogous to the motion of other ropes), 
but the ultimate mechanism by which the cause produces the effect is unknown. For 
instance we can close an electric circuit by pressing a key, and the needle of a distant 
galvanometer may be set into motion. We infer that there must be some mechanism 
connecting the two, but the nature of this mechanism is almost completely unknown. 


Suppose now that an observer may handle the ropes, but may not pene- 
trate into the room above to examine the mechanism to which they are 
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attached. He will know that whatever this mechanism may be, certain laws 
must govern the manipulation of the ropes, provided that the mechanism is 
itself subject to the ordinary laws of mechanics. 

To take the simplest illustration, suppose that there are two ropes only, A and B, and 
that when rope A is pulled down a distance of one inch, it is found that rope B rises 
through two inches. The mechanism connecting A and B may be a lever or an arrange- 
ment of pulleys or of clockwork, or something different from any of these. But whatever 
it is, provided that it is subject to the laws of dynamics, the experimenter will know, 
from the mechanical principle of “virtual work,” that the downward motion of rope A 
can be restrained on applying to B a force equal to half of that applied to A. 


544. The branch of dynamics of which we are now going to make use 
enables us to predict what relation there ought to be between the motions of 
the accessible parts of the mechanism. If these predictions are borne out by 
experiment, then there will be a presumption that the concealed mechanism 
is subject to the laws of dynamics. If the predictions are not confirmed by 
experiment, we shall know that the concealed mechanism is not governed by 
the laws of dynamics. 


Hamilton’s Principle. 


545. Suppose, first, that we have a dynamical system composed of dis- 
crete particles, each of which moves in accordance with Newton’s Laws of 
Motion. Let any typical particle of mass m, have at any instant ¢ coordi- 
nates 2, Y, 2, and components of velocity wm, v,, w,, and let it be acted on by 
forces of which the resultant has components X,, Y,, 2. Then, since the 
motion of the particle is assumed to be governed by Newton’s Laws, we have 


d 
my i =p Medes od beet ee (490), 
mM, est A ae Secon ene Mnocge rhea (491), 
d 
M — sa Zhai sche, Att cs ts tnt, ae (492) 


Let us compare this motion with a slightly different motion, in which 
Newton’s Laws are not obeyed. At the instant ¢ let the coordinates of this 
same particle be #,+6”, %1+ dy,, 2,+ 62, and let its components of velocity 
be u%+8m, %1+5,, w+, Let us multiply equations (490), (491) and 
(492) by 8a, 64, 62, respectively, and add. We obtain 


m (FE 6a, + 7 OY = ai 8a) = X,62, + Y,6y%,4+ 446% ...(498). 
dt dt 

as 
Now eae i 5 (mdi) — th 5 dt 5; (0a) 


= : (u, 6a) — Uy Oty. 
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If we sum equation (498) for all the particles of the system, replacing the 
terms on the left by their values as just obtained, we-arrive at the equation 


=F Bie (a, Say + V5 yy + Wy 524) — Dy (ty, Stuy, + v, 80, + Wy Sw) 
=> (Xda, + Y18y,+ 7,62) «0+. (494). 
Let 7 denote the kinetic energy of the actual motion, and 7’+ 67’ that of 
the slightly varied motion, then 
T =42m (u? + v2 + wy), 
so that 87 = Sm, (Su, + 14,80, + wd), 
and this is the value of the second term in equation (494), 


If W and W+6W are the potential energies of the two configurations 
(assuming the forces to form a conservative system), we have 


12 Yi 21 
eee (Kida, + Vadyn + Zid), 


and =— > (X, 6x, F Y,5y, + Z,62), 
and so the value of the right-hand member of equation (494) is —6W. 


We may now rewrite pier (494) in the form 
é(7-W)=—> om, (uw, da, +0, 84; + w, 8%). 


This equation is true at every instant of the motion. Let us integrate it 
throughout the whole of the motion, say from t=0 tot=7. We obtain 


T t=t 
) i : (T-W)dt= Ea (u, da, + 0,54, + W, bs) | pastes (495). 
t=0 - 


The displaced motion has been supposed to be any motion which_ 
differs only slightly from the actual motion. Let us now limit it by the 
restriction that the configurations at the beginning and end of the motion 
are to coincide with those of the actual motion, so that the displaced motion 
is now to be one in which the system starts from the same configuration as in 
the actual motion at time t=0, and, after passing through a seriés of con- 
figurations slightly different from those of the actual motion, finally ends in 
the same configuration at time {=7 as that of the actual motion. Mathe- 
matically this new restriction is expressed by saying that at times t=0 and 
t= 7 we must have dv=dy=6z=0 for each particle. Equation (495) now- 
becomes 


3 [@- Wyte wh een ee (496). 


546. Speaking of the two parts of the mechanism under discussion 
as the “accessible” and “concealed” parts, let us suppose that the kinetic 
and potential energies 7’ and W depend only on the configuration of the 
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accessible parts of the mechanism. Then throughout any imaginary motior 
of the accessible parts of the system we shall have a knowledge of 7 and W 
at every instant, and hence shall be able to calculate the value of 


We can imagine an’infinite number of motions which bring the system 
from one configuration A at time t= 0 toa second configuration B at time t=7, 
and we can calculate the value of the integral for each. Equation (496) shews 
that those motions for which the value of the integral is stationary would be 
the motions actually possible for the system. Having found which these 
motions were, we should have a knowledge of the changes in the accessible 
parts of the system, although the concealed parts remained unknown to us, 
both as regards their nature and their motion. 


547. Equation (496) has been proved to be true only for a system con- 
sisting of discrete material particles. At the same time the equation itself 
contains, in its form, no reference to the existence of discrete particles. It 
is at least possible that the equation may be the expression of a general 
dynamical principle which is true for all systems whether they consist of 
discrete particles or not. We cannot of course know whether or not this 
is so. What we have to do in the present chapter is to examine whether 
the phenomena of electric currents are in accordance with this equation. 
We shall find that they are, but we shall of course have no right to deduce 
from this fact that the ultimate mechanism of electric currents is to be found 
in the motion of discrete particles. Before setting to work on this problem, 
however, we shall express equation (496) in a different form. 


Lagrange’s Equations for Conservative Systems of Forces. 


548. Let 0,, 0, ... On be a set of quantities associated with a mechanical 
system such that when their value is known, the configuration of the system 
is fully determitied. Then 0,, 92, ... 8, are known as the generalised coordt- 
nates of the system. 


The velocity of any moving particle of the system will depend on the values 

dé, de, 
of Gk ’ “dt ’ 
Cartesian coordinate of any moving particle. Then by hypothesis @ is a 
function of 0,, 02, ..., say 


etc. Let us denote these quantities by 6,, 6, ete. Leta bea 


eC 
so that by differentiation, 
dx of 


: of 
e730, + 50, 8 + 
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Thus each component of velocity of each moving particle will be a linear 
function of 6,, 65, ..., from which it follows that the kinetic energy of motion 
of the system must ba a quadratic function of 6,, 6,, ..., the coefficients in this 
function being of course functions of 0,, 0, .... 


Let us denote 7T— W by L, so that L is a function of 0, %, ... On, 
and Ot, 0,406.) ae Gat say 


L=¢(4, 6,, ee sO, 6,, 6 22 oe bn). 
If Z+6L is the value ot Z in the displaced configuration 0,+60,, 
6.4602, ... O,+660,, we have 


vies = 58 50, +. SREY POL OEY: re 


00, 00; 
so that equation (496), which may be put in the form 
[rau=o, 
0 
now assumes the form 
[CZ 42% 7, 8b) at att Se (498). 
100, 
We have 56, = (6, + 86,) — 6, | 


_d dé, 
= 5, (0, + 80) - 


d 
= gi (OO) 
aL "aL d 
that [Ss Lis A nr 
so tha 026,08 aei= 00, di (86,) dé 


d (el aL 
=~ 80, dt + | — 30 
be dt a) i Ee i; ; 


The last term vanishes since, by hypothesis, 86, vanishes at the beginning 
and end of the motion, and equation (498) now assumes the form 


72 (OL ad fol 
56,dt =0 
I, 2 a dt | 


Let us denote the integrand, namely 


“(OL d /oL 
aR _ dt at ef 


by J, so that the equation bene 


| Tai =. 
0 
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The varied motion is entirely at our disposal, except that it must be 
continuous and must be such that the configurations in the varied motion 
coincide with those in the actual motion at the instants t=0 and t=r. 
Thus the values of 64,, 56,, ... at every instant may be any we please which 
are permitted by the mechanism of the system, except that they must be 
continuous functions of tand must vanish when ¢=0 and whent=7. Whatever 


series of values we assign to 50,, 56,, ..., we have seen that the equation 
| "Tdt =0 
0 

is true. Hence the value of J must vanish at every instant, and we must 
have 

a (ol), adel 

3-2 (5 )f &=0 Pi eee 499). 

1100, © dt \06,/ cate 

549. At this stage there are two alternatives to be considered. It may 

be that whatever values are assigned to 60,, 50,, ... 50,, the new configura- 


tion 0,+ 50,, .+66:, ... 8n+ 80, will be a possible configuration—that is to 
say, will be one in which the system can be placed without violating the 
constraints imposed by the mechanism of the system. In this case equation 
(499) must be true for all values of 50,, 50,, ... 58,, so that each term must 
vanish separately, and we have the system of equations 


ob dad 2) 
0, 1 ees Ons 500 
20, di Ga: . » a) 
There are n equations between the n variables 0,, @,,... Qn, and the time. 
Hence these equations enable us to trace the changes in 0, , ... 0, and to 


sees their values as functions of the time and of the initial values of 


“A, 0., : On, On 62, See Br 


550. Next, suppose that certain constraints are imposed on the values of 
0,, 62, .» 8, by the mechanism of the system. Let these be m in number, 
and let them be such that the small increments 806,, 66,, ... 50, are connected 
by equations of the form 


A, 80, + 2502+ ... + An dO = 0 eseeeeneeeeeeees (501), 
DOG 4 sObg ssl Od Ola 0) nike iana ct acadenee (502), 
etc. 


Then equation (499) must be true for all values of 60,, 50,, ... which are 
such as also to satisfy equations (501), (502), ete. Let us multiply equations 
(501), (502), ... by A, #, --. and add to equation (499). 


We obtain an equation of the form 


ae 


fey pe ee 36, =0 phe eats (508). 
30, dt a Peale 


1 
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Let us assign arbitrary values to 60m41, SOm42, «+ 56,, and then assign to 
the m quantities 50,, 50,, ... 64m the values given by the m equations (501), 
(502), etc. In this way we obtain a.wystem of values for 50,, 50s, ... 5On 
which is permitted by the constraints of the system. 


The m multipliers A, », ... are at our disposal: let these be supposed to 
be chosen so that the m equations 


oL d (=) 
== aa = | A ay + eRe OF 821, 2, cae Mi) swacon 504 
0, mdb Bbslae ake eae? 
are satisfied. Then equation (503) reduces to 
* (oL d ee 
— A ss xX b eee 88, =0 eeenercce 505), 
m+1 i dt \00, Fees BET : ite. 


and since arbitrary values have been assigned to 6Am41,.-- 56n, it follows that 
each coefficient in this equation must vanish separately. Combining the 
system of equations so obtained with equations (504), we obtain the complete 
system of equations 

oL od (& 


= hae ruby toe Oe eee 
$ 


00, dt 


Lagrange’s Equations for General (including Non-conservative) Forces. 


551. If the system of forces is not a conservative system, we cannot 
replace the expression 


> (X64, + Y,8y, + Z,8z,) 


in § 545 by —8W where W is the potential energy. We may, howéver, still © 
denote this expression for brevity by — {6 W}, no interpretation being assigned 
to this symbol, and equation (496) will assume the form 


[er POSTS) eS 0 et ee se (507). 


By the transformation used in § 548, we may replace | "oT'dt by 
0 


Secor aad 700 
= ee eee, (heat fe } J} fe 
I; 1 (00, dt ca) ods 
Now — {8 W} is, by definition, the work done in moving the system from 


the configuration 6,, 0, ... 0, to the configuration 6,+ 86,, 0,+56,... On+ O6n. 
It is therefore a linear function of 86,, 86,, ... 80,,, and we may write 


— {SW} =©0,60,+ 0,50,+...+0,59,, 


where @,, @,, ... On are functions of 0,, 2, ... On. 
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We now have equation (507) in the form 


eS i ee 
J3 tee, ax Ga) +f a= 0 


As before each integrand must vanish. We have therefore at every instant 


32). +0 80, =0. 


00, at \0é, 
If the coordinates 6,, 6,, ... 0, are all capable of independent variation, 
this leads at once to the system of equations 
yolk 
—(—})-—=6,, Bape Zyeeetan ited eens 508), 
dt Ga) 00, e a ee) 
while if the variations in @,, 6,, ... are connected by the constraints implied 
in equations (501), (502), ... we obtain, as before, the system of equations 
d (oT\ oT 
7 rae = 59 Ont Mle os ton (s=1, 2,... n) ...(509). 
The quantities @,, ©,, ... are called the “generalised forces” correspond- 


ing to the coordinates 0,, 02, .... 


Lagrange’s Equations for Impulsive Forces. 


552. Let us now suppose that the system is acted on by a series of 
impulsive forces, these lasting through the infinitesimal interval from ¢=0 
tot=7. If we multiply equations (508) by dt and integrate throughout this 


interval we obtain 
ln -[" oF = at =|" @, dt. 
00;\t=0 J0 00, 


, fee On. : 
The interval r is to be considered as infinitesimal, and ag, 18 finite. 
& 


Thus the second term may be neglected and the equation becomes 


mot cfs | 
; oan i igh ahek: 2 aceon 510). 
change in aie: (510). 


We call i "@,dt the generalised impulse corresponding to the generalised 
. 
force ®,, and then, from the analogy between equation (510) and the equation 
change in momentum = impulse, 


we call ee the generalised momentum corresponding to the generalised 
8 
coordinate 6,. 
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APPLICATION TO ELECTROMAGNETIC PHENOMENA. 
a 


553, We have already obtained expressions for the energy of an electro- 
static system, a system of magnets, of currents, etc., and in every case this 
energy can be expressed in terms of coordinates associated with “accessible ” 
parts of the mechanism. We can also find the work done in any small change 
in the system, so that we can obtain the values of the quantities denoted in 
the last section by @,, ©,,..... All that remains to be done before we can 
apply Lagrange’s equations provisionally (cf. § 547) to the interpretation of 
electromagnetic phenomena is to determine whether the different kinds of 
energy are to be regarded as kinetic energy or potential energy. 


Kinetic and Potential Energy. 


554. At first sight it might-be thought obvious that the energy of 
electric charges at rest and of magnets at rest ought to be treated as 
potential energy, while that of electric charges or magnets in motion ought 
to be treated as kinetic. On this view the energy of a steady electric 
current, being the energy of a series of charges in motion, ought to be 
regarded as kinetic energy. We have also seen that this energy is to be 
regarded as being spread throughout the medium surrounding the circuit in 
which the current flows, and not as concentrated in the circuit itself Thus 


we must regard the medium as possessing kinetic energy at every point, the 
2 


amount of this energy being, as we have seen, a per unit volume. 


87 


But we have also been led to suppose that the medium is in just the 
same condition whether the magnetic force is produced by steady currents or 
by magnetic shells at rest. Thus, on the simple view which we are now 
considering, we are driven to treat the energy of magnets at rest as kinetic— 
a result which is inconsistent with the simple conceptions from which we 
started. Having arrived at this contradictory result, there is no justification 
left for treating electrostatic energy, any more than magnetostatic energy, 
as potential rather than kinetic. 


555. Abandoning this simple but unsatisfactory hypothesis, let us turn 
our attention in the first place to the definite discussion of the nature of the 
energy of a steady electric current. 


Let us suppose that we have two currents 7, 2’ flowing in small circuits at 
a distance r apart. As a matter of experiment we know that these circuits 
exert mechanical forces upon one another as if they were magnetic shells of 
strengths 7,7’. Let us suppose that a force R is required to keep them apart, 
so that initially the circuits attracted one another with a force R, but are 
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now in equilibrium under the action of their mutual attraction and this force 
F acting in the direction of r increasing. 


If M is the quantity | | = dsds’, we know that the value of R is 


this value being found directly from the experimental fact that the circuits 
attract like their equivalent magnetic shell (cf. § 499). 


The energy of the two currents is known to be 
| De SOME ANE) «ioc. vsnaveoolen ae (512). 


Let us suppose, for the sake of generality, that this consists of kinetic 
energy 7' and potential energy W. Then, assuming for the moment that the 
mechanism of these currents is dynamical, in the sense that Lagrange’s 
equations may be applied, we shall have a dynamical system of energy 
T+ W, and one of the coordinates may be taken to be r, the distance oper 
of the circuits. 


The Lagrangian equation corresponding to the coordinate r is found to 
be (cf. equation (508)), 


ad /oT\ eal Wi 
Si (=) Soertgny Lee ee ee (513), 


and since we know that, in the equilibrium configuration, 


d /oT .., OM 
ar lar =) =o R=-wv Pau 


we obtain on substitution in equation (513), 


o(7—W) _ 
ie ET: 

From equation (512) we see that the right-hand member is the value of 

ap? OF of —— Hence our equation shews that ules 0, from which we 
r oe 

deduce that W=0. In other words, assuming that a system of steady 
currents forms a dynamical system, the energy of this system must be 
wholly kinetic. 


This result compels us also to accept that the energy of a system of 
magnets at rest must also be wholly kinetic. We shall discuss this result 
later. For the present we confine our attention to the case of electric 
phenomena only. We have found that if the mechanism of these pheno- 
mena is dynamical (the hypothesis upon which we are going to work), then 
the energy of electric currents must be kinetic. 
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Induction of Currents. 


556. Let us consider a number of currents flowing in closed circuits. 
Let the strengths of the currents be 2,, %, ... and let the number of tubes of 
induction which cross these circuits at any instant be My, N,, ..., so that if . 
the magnetic field arises entirely from the currents, we have (ef. § 502) 

N, = Ly + Init... 
Na = Lint, + Lgtg + .0+; a 

The energy of the currents is wholly kinetic so that we may take 

T=4(M4,+ Net. +...) 
— 4 (Ly? at: ZL rat %2 Sie ei,) 
as before (§ 503). 

In the general dynamical problem, it will be remembered that 7’ was a 
quadratic function of the velocities. Thus %, %,... must now be treated as 
velocities and we must take as coordinates quantities 2,, 2, ..., defined by 

qe 
dt ’ 
Clearly 2, measures the quantity of electricity which has flowed past any 


point in circuit 1 since a given instant, and so on. Thus in terms of the 
coordinates &,, %,, ... we have 


TS dale betes) yc ee (515). 


There is no potential energy in the present system, but the system is 
acted on by external forces, namely the electromotive forces in the batteries 
and the reaction between the currents and the material of the circuits which 
shews itself in the resistance of the circuits. We have therefore to evaluate 
the generalised forces ®,, Og, .... ’ 


dt! 
i= 2 ete. 


Consider a small change in the system in which 4, is increased by 6a,, so 
that the current 7, flows for a time dé given by ,4,dt=68x,. The work per- 
formed by the battery is H,da,, the work performed by the reaction with the 
matter of the circuit, being equal and opposite to the heat generated in the 
circuit, is — R,1,%dt. Thus if X, is the generalised force corresponding to the 
coordinate #,, we have 

X 6a, = Lda, — R,idt, 


so that X,= b,— Ry. 
The Lagrangian equation corresponding to the coordinate a, is 
0 /oT\ oF 
5 (ar) ~ da,» 
0 : i 3 
ne ay Ent + Lists + APE) Ka Oe 1a hee, aoa ee sees NOLO )s 
or again E,- aM Sete 


Ot 
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The equations corresponding to the coordinates a, a3, ... are 
ON, ' 
E, ad aay => Rota, ete. 


Thus the Lagrangian equations are found to be exactly identical with the 
equations of current-induction already obtained, shewing not only that the 
phenomenon of induction is consistent with the hypothesis that the whole 
mechanism is a dynamical system, but also that this phenomenon follows as 
a direct consequence of this hypothesis. In this system the accessible parts 
of the mechanism are the currents flowing in the wires; the inaccessible 
parts consist of the ether which transmits the action from one circuit to 
. another, 

556a. On the electron theory, the kinetic energy must be supposed made 
up partly of magnetic energy, as before, and partly of the kinetic energy of 
the motion of the electrons by which the current is produced. 


Let the average forward velocity of the electrons at any point be % (cf. 
§345 a), and let v +, be the actual velocity of any single electron, so that 
the average value of vis nil. The kinetic energy of motion of the electrons, 


say 7,, is then 
T.= 2 4m(0+0,) 


= 4mu?+4Nmov,. 
The first term represents part of the heat-energy of the matter, and this 


does not depend on the values of the currents %, 4, .... To evaluate the 
second term we use equation (0) of § 345 a, 


Ne Uo — 1= z, 
and obtain the kinetic energy of the electrons in the complete system of 
currents in the form 


T.=3(a*| qode+as[yedo+...). 


Thus the total kinetic energy may still be expressed in the form (515) if 
we take 


and in this the first term is the contribution from the magnetic energy 
(cf. § 503), and the second term is the contribution from the kinetic energy of 


the electrons. 


Equation (516) assumes the form 


di. 
& Cia + Lniat eaniinet (Fe Fe ds) Fen (BLT a). 
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If the induction terms on the left are omitted, we have as the equation of 

a circuit in which induction is negligible 
: m dt 
B, — Byix—( A ds) =0. 
This, with the help of the formulae of §345a, may be expressed in the 
form i 
ren Famed ce EE ae 
[xas-4] yo ds — -F wae. 0, 
which in turn is seen to be exactly identical with equation (c) of § 345a, 
integrated round the circuit. 

Thus we see that the analysis of § 556 applies perfectly to the electron 
theory of matter, provided Ly, Z.., ... are supposed to have the values given 
by equation (517), and equation (517 a) is then the general equation of 
induction of currents, when the inertia of the electrons is taken into account. 


Electrokinetic Momentum. 


557. The generalised momentum corresponding to the coordinate 2, is 
or V,. Thus the generalised momenta corresponding to the currents 
in the different circuits are V,, N,, ..., the numbers of tubes of induction 
which cross the circuits.. The quantity Nis accordingly sometimes called the 
electrokinetic momentum of circuit 1, and so on. 

If we give to LZ, the value obtained in equation (517) of § 556a, the 
value of the electrokinetic momentum is (cf. equations (514)) 


CI I NT i rds, 


in which clearly the last term comes from the momentum of the electrons, 
and the remaining terms from the momentum of the magnetic field. 


EXAMPLES. 
I. Discharge of a Condenser. 
558. As a further illustration of the dynamical theory, let us consider 


the discharge of a condenser. Let @ be the charge on the positive plate 
at any instant, and let this be taken as a Lagrangian coordinate. The 


0Q 


current 7 is given by i=— aaa. ’ In the notation already employed 
(§ 516) we have 
T=}Li=41Q3 W=} a 
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and Lagrange’s equation is 


d foT\ of ow 
ala) — = —— =f, 
dt Ca) aQ aQ : 
oq QQ 
or LA +RS 420, 


which is the equation already obtained in § 516, and leads to the solution 
already found. 


II. Oscillations in a network of conductors 


559. The equations governing the currents flowing in any network of 
conductors when induction is taken into account can be obtained from the 
general dynamical theory. 


Let us suppose that the currents in the different conductors are 
4, %, ... tm, and let the corresponding coordinates be a, a, ... &,, these 
being given by 4= a etc. If any conductor, say 1, terminates on a 
condenser plate, let #, denote the actual charge on the plate, and let the 
current be measured towards the plate, so that the relations 7, = ae. ete. 
will still hold. Let conductor 1 contain an electromotive force HZ, and be 


of resistance R,. 

The quantities 2, 2, ... may be taken as Lagrangian coordinates, but 
they are not, in general, independent coordinates. If any number of the 
conductors, say 2, 3, ... s meet in a point, the condition for no accumulation 
of electricity at the point is, by Kirchhoff’s first law, 

to + 43 + aoe +7,=0, 
from which we find that variations in 2, a, ... are connected by the 


relations 
6% + da, +... + da,=0. 


Let us suppose that there are m junctions. The corresponding con- 


straints on the values of 62,, da, ... can be expressed by m equations of 
the form 

OPO aia Tt ny = ‘ ee = BY 

b, 8a, + b,8a2 +... + bn dxy = 0 
etc., in which each of the coefficients @,, a, ... Gn, b,, ... has for its value 


either 0, +1 or —1. 
The kinetic energy 7’ will be a quadratic function of #,, 4, etc., while the 
potential energy W (arising from the charges, if any, on the condensers) will 
32—2 
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be a quadratic function of 2, ,.... The dynamical equations are now nin 

number, these being of the form (cf. equations (509)) 

d (af, of aw it 

5 (aa) — = By Rie + Nay + phy to (@=1, 2 oe 2) (519), 
These equations, together with the m equations obtained by applying 

Kirchhoff’s first law to the different junctions, form a system of m+n equa- 


tions, from which we can eliminate the m multipliers A, mw, ..., and then 
determine the n variables a, a, ... Lp. 


560. As an example of the use of these equations, let us imagine that a 
current J arrives at A and divides into two parts 4, 2., which flow along arms 


Fie, 134. 


ACB, ADB and reunite at B. Neglecting induction between these arms 
and the leads to A and B, we may suppose that the part of the kinetic energy 


which involves 2, and 2, is 
$1n? + Misi, + N13. 


There are no batteries and no condenser in the arms in which the 
currents 7, and 7 flow. The currents are, however, connected by the 


relation 
mn + 45 = I 


so that the corresponding coordinates 2, and x, are connected by 
62, + 6x, = 0. 


The dynamical equations are now found to be (cf. equations (519)) 


G (Li, + Mis) =— Bi, +, 


d : : . 
a (itis + Nis) = — Siz +. 


If we subtract and replace 7, by J —7,, we eliminate X and obtain 
di, 


(L+ N-2M) 7; 


dl 3 
+(M-WN) 5 =SI-(R+8)i, 


If J is given as a function of the time, this equation enables us to deter- 
mine 2,, and thence 2,. 
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For instance, suppose that the current I is an alternating current of 
frequency p/2m. If we put I =1,¢*, the solution of the equation is 


wo S—(M—N)ip I 
(L+N-—2M)ip+(R+8)”’ 
R-(M—L)ip 


while similarly 


eo (L4+N—2M)ipt+(R+S8) 

When p= 0, the solution of course reduces to that for steady currents. 
As p increases, we notice that the three currents ¢,, 7, and I become, in 
general, in different phases, and that their amplitudes assume values 
which depend upon the coefficients of induction as well as on the resistances. 
Finally, for very great values of p, the values of 2, and 7, are given by 

ea ee Paneer | 
shewing that the currents are now in the same phase and are divided ina 
ratio which depends only on their coefficients of induction. For instance, 
if the arms ACB, ADB are arranged so as to have very little mutual 
induction (M very small), the current will distribute itself between the two 
arms in the inverse ratio of the coefficients of self-induction. 


It is possible to arrange for values for Z, M and N such that the two 
currents 2, and 2, shall be of opposite sign. In such a case the current in one 
at least of the branches is greater than that in the main circuit. Let us, for 
instance, suppose that the branches consist of two coils having r and s turns 
respectively, arranged so as to have very little magnetic leakage. Then 
LN — M? is negligible (cf. §525) and we have approximately 


L M_N 

rors Ss 
The equations become 

ie ee 

8. —-r s-r’ 


so that the currents will flow in opposite directions, and either may be greater 
than the current in the main circuit. By making s nearly equal to r and 
keeping the magnetic leakage as small as possible, we can make both 
currents large compared with the original current. 


Ill. Rapidly alternating currents. 


‘661. This last problem illustrates an important point in the general 
theory of rapidly alternating currents. In the general equations (519), 
Aol et oW, 
ai aa,)~ aa; * aay 
let us suppose that the whole system is oscillating with frequency p/2z, which 
is so great that it may be treated as infinite. We may assume that every 


= EB, — Ryts + rast pdet ..., 
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d 
variable is proportional to e’?', and may accordingly replace — ai by the multi- 


plier 7p. The equations now become * 
(=) - or OW ow 
Of,/ 0%, Os 
and all the terms on the left hand may be neglected in comparison with the 
first, which contains the factor ip. The terms on the right cannot legitimately 
be neglected because 2, w,... are entirely undetermined, and may be of the 
same large order of magnitude as the terms retained, If we replace A, p,.. 
by apr’, ipy’,..., the equations become 
or 
Os 


in which 0’, p’,... are now undetermined multipliers. These, however, are 
exactly the equations which express that 7 is a maximum or a minimum 
for values of #,, %, ... which are “consistent with the relations (cf. § 559) 
necessary to satisfy Kirchhoff’s first law. Since 7’ can be made as large as 
we please, the solution must clearly make 7’ a minimum. Thus we see that 


— EB, + Rots =Adg + pbs t+ ..e; 


~—-+Nast wbst+... =0, ete. 


As the frequency of a system of alternating currents becomes very great, 
the currents tend to distribute themselves in such a way as to make the kinetic 
energy of the currents a minimum subject only to the relations imposed by 
Kirchhoff’s first law. 


This result may be compared with that previously obtained (§ 357) for 
steady currents. We see that while the distribution of steady currents is 
determined entirely by the resistance of the conductors, that of rapidly 
alternating currents is, in the limit in which the frequency is infinite, 
determined entirely by the coefficients of induction. 


It follows that, in a continuous medium of any kind, the distribelion of 
rapidly alternating currents will depend only on the geometrical relations of 
the medium, and not on its conducting properties. In point of fact, we have 
already seen that the current tends to flow entirely in the surface of the 
conductor (§ 537). We now obtain the further result that it will, in the 
limit, distribute itself in the same way over the surface of this conductor, 
no matter in what way the specific resistance varies from point to point of 
the surface. 


IV. Transmission of Signals along a wire. 


562. Imagine a signal being sent along a wire, initially free from all 
electrical disturbance. At any instant let 2 denote the current at a point 
distant « from the end of the wire, and let g denote the total quantity of 
electricity which has flowed past this point. Then i and q ave functions of 
a and t. 
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Let q be measured in electrostatic units, but let 7 be measured in electro- 
magnetic units, Then the rate of flow past any point will be 7 electrostatic 
units per second, where C’ denotes the number of electrostatic units in one 
electromagnetic unit (cf. § 484). Thus 


._ 0g 
st 


If Z is the self-induction of the wire per unit length, the total kinetic 
energy of the currents is 


Deke 
T=31|ede= 5 [§de, 
where the integral is taken along the wire. In any element dz of the wire 


the charge is— ea dx, so that if K is the electrostatic capacity of the wire 


per unit length, the potential energy W is given by 


ae (Oa\: 
W= sr | (52) 
Let R be the resistance of the wire per unit length in electromagnetic 
units, then the rate of generation of heat is 


R |da. 


The values of g at different points of the wire may be taken as 
Lagrangian coordinates, for they suffice to specify the position of each 
element of current. The Lagrangian equation corresponding to the coor- 
dinate g at any distance « will be (cf. § 556) 


COL Nes OL GN , 
di Ge ack oy ie 
C1 eels: or 
in which we have ae gq and aa 0. 
To evaluate eve let us imagine q changed to q+6q at every point of the 


og , 
wire, subject to Sq vanishing at the two ends. The increment in W, say oW, 
is given by 


a= |e) (0) ] soo 2 [EB ean 


and, on integrating by parts, this becomes 
1 (eq 


Thus at any point 2, 
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The Lagrangian equation accordingly becomes 


NO aa 
Coe OK te ot” 
Since Ct mG it is at once seen that the current ¢ at any point satisfies 


at 
the same differential equation, and this is also true of the potential V, since 


4K V. Thus g,7 and V all satisfy the same differential equation, 
Le 


namely 


KLOd 0p Od 

or op tks lt (520). 
This equation is the general equation for the transmission of electric 

signals along a wire. It is called the “Telegraphic equation” by Poincaré 


and others. 


We have seen in § 505 a, how_to calculate the self-induction per unit 
length of any wire. If the wire is sufficiently thin in comparison with its 
distance from other conductors, the self-induction ZL per unit length becomes 
identical with the quantity denoted by L’ in § 505, and we accordingly have 
the relation (cf. equation (430 e)), 


KL=kp, 


where « is the dielectric constant, and ~ the magnetic permeability of the 
insulator surrounding the wire. Let us put 


so that a depends only on the properties of the insulating material, and the 
telegraphic equation becomes ae 
1#O | ppb _ 
a? ot at Oa” 

For slow signals, the first term in this equation, which arises from the 
inertia of the electric current, may be neglected, The equation then reduces 
to equation (303) of Chapter IX which was obtained as the equation of 
transmission of signals along a submarine cable. Under practical conditions 
signals along a submarine cable are so retarded by the high electrostatic 
capacity of the cable that this inertia term may legitimately be neglected, 


but the term has to be retained when the equation is applied to telegraph 
and telephone problems. 


When the wire is far removed from other conductors, the electrostatic 
capacity will be small. If K is neglected entirely, the equation becomes 
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The solution of this equation is 
b= («—at) + ® (#+<at), 
where f, ® are arbitrary functions, and the solution is seen to represent the 


transmission of a signal without change of type or loss of intensity, the 
velocity of transmission being a. 


In practical telephony and telegraphy it is not usual possible to neglect 
entirely the value of K in the second term of the equation. Solutions of 
the general three-term equation have been obtained by Heaviside*, Poin- 
caré+, Picard{, Boussinesg§, and Riemann]. 


It is found that the signal is still transmitted with the same velocity a, 
but that there is a change of type and loss of intensity; there is also an 
electric field and current left trailing behind each signal; these would of 
course tend to confuse the succeeding signal if the signals are sent without 
sufficient interval. 

Thus for rapid transmission or clear speaking it is necessary to reduce 
the value of KR (cf. §369); the smaller this term is made, the smaller the 
amount of blurring or indistinctness will be. We see at once why telephone 
wires are kept as far as possible from other conductors, and can understand 
the difficulty of clear speaking or rapid signalling through a submarine cable. 


MECHANICAL FORCE ACTING ON A CIRCUIT. 


563. Let @ be any geometrical coordinate, and let © be the generalised 
force tending to increase the coordinate 6, so that to keep the system of 
circuits at rest we must suppose it acted on by an external force — ©. Then 
Lagrange’s equation for the coordinate @ is 

d 2) - oT 
dt U6 a0 


and therefore, when the system is in equilibrium, we must have 


’ 


If the energy of the system were wholly potential and of amount W, the 


force ® would be given by 
ow 


00 . 
Thus the mechanical forces acting are just the same as they would be if 
the system had potential energy of amount — 7’. 


@=- 


* Phil. Mag. 1888 and Coll. Papers. + C. R. 117 (1893), p. 1027. 
+ GC. R. 118 (1894), p. 16. § CO. R. 118 (1894), p. 162. 
i Riemann-Weber, Die partielle Differentialgleichungen der Math. Physik, 4th edn. (1901), 


II, p. 322. 
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564. Let us suppose that any geometrical displacement takes place, this 
resulting in increases 56,, 54,, ... in the geometrical coordinates 6,, 02, ...,and 
let the currents in the circuits remain unaltered, additional energy being 
supplied by the batteries when needed. 

The increase in the kinetic energy of the system of currents is 


while the work done by the electrical forces during displacement is }0d0 
which, by equation (521), is also equal to 
or 
> aq dé. 

These two quantities would be equal and opposite if the system were 
a conservative dynamical system acted on by no external forces. In point of 
fact they are seen to be equal and of the same sign. The inference is that the 
batteries supply during the motion an amount of energy equal to twice the 
increase in the energy of the system. Of this supply of energy half appears 
as an increase in the energy of the system, while the other half is used in the 
performance of mechanical work. 

This result should be compared with that obtained in § 120. 


565. As an example of the use of formula (521), let us examine the 
force acting on an element of a circuit. Let the 
components of the mechanical force acting on any 
element ds of a circuit carrying a current 7 be de- 


noted by X, Y, Z. ds 
To find the value of X, we have to consider a dx 
displacement in which the element ds is displaced Fie. 135 


a distance da parallel to itself, the remainder of the 

circuit being left unmoved. Let the component of magnetic induction 
perpendicular to the plane containing ds and dx be denoted by WN, then if 
T denotes the kinetic energy of the whole system, the increase in 7’ caused 
by displacement will be equal to 7.times the increase in the number of tubes 
of induction enclosed by the circuit, and therefore 


dT =1Ndsda. 
Thus, using equation (521), 


and there are similar equations giving the values of the components Y and Z. 


If B is the total induction and if B cos is the component at right angles 
to ds, then the resultant force acting on ds is seen to be a force of amount 
1B cose ds, acting at right angles to the plane containing B and ds, and in 
such a direction as to increase the kinetic energy of the system, This isa 
generalisation of the result already obtained in § 498. 
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MAGNETIC ENERGY. 


566. We have seen that the energy of the field of force set up by a 
system of electric currents must be supposed to be kinetic energy. We 
know also that this field is identical with that set up by a certain system of 
magnets at rest. These two facts can be reconciled only by supposing that 
the energy of a system of magnets at rest is kinetic energy—a suggestion 
originally due to Ampére. : 

Weber’s theory of magnetism (§ 476) has already led us to regard any 
magnetic body as a collection of permanently magnetised particles. Ampére 
imagined the magnetism of each particle to arise from an electric current 
which flowed permanently round a non-resisting circuit in the interior of the 
particle. The phenomena of magnetism, on this hypothesis, become in all 
respects identical with those of electric currents, and in particular the energy 
of a magnetic body must be interpreted as the kinetic energy of systems of 
electric currents circulating in the individual molecules. For instance two 
magnetic poles of opposite sign attract because two systems of currents 
flowing in opposite directions attract. 

We have seen that the mechanical forces in a system of energy ZH are 
ae etc., if the energy is potential, but are + etc., if the energy is 
kinetic. It might therefore be thought that the acceptance of the hypothesis 
that all magnetic energy is kinetic would compel us to suppose all mechanical 
forces in the magnetic system to be the exact opposites of what we have 
previously supposed them to be. This, however, is not so, because accepting 
this hypothesis compels us also to suppose the energy to be exactly opposite 
in amount to what we previously supposed it to be. Instead of supposing 


that we have potential energy H and forces — 2. etc., we now suppose that 


@(—E) 


we have kinetic energy — # and forces + ap? ete 80 that the amounts of 


the forces are unaltered. 

To understand how it is that the amount of the magnetic energy must be 
supposed to change sign as soon as we suppose it to originate from a series of 
molecular currents, we need only refer back to § 502. 


567. The molecular currents by which we are now supposing magnetism 
to be originated must be supposed to be acted on by no resistance and by no 
batteries, but if the assemblage of currents is to constitute a true dynamical 
system we must suppose them capable of being acted upon by induction 
whenever the number of tubes of force or induction which crosses them 
is changed. In the general dynamical equation 
d /ol\ of : 
as ca nuaaes ae 
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we may put H and R each equal to zero, and eS is already known to vanish. 


Ox 

ae remains unaltered. 
Chi 

We now see that the strengths of the molecular currents will be changed 
by induction in such a way that the electrokinetic momentum of each remains 
unaltered. If the molecule is placed in a magnetic field whose lines of force 
run in the same direction as those from the molecule, then the effect of induc- 
tion is to decrease the strength of the molecule until the aggregate number 
of tubes of force which cross it is equal to the number originally crossing it. 
This effect of induction is of the opposite kind from that required to explain 
the phenomenon of induced magnetism in iron and other paramagnetic sub- 
stances. It has, however, been suggested by Weber that'it may account for 
the phenomenon of diamagnetism. 


Thus the equation expresses that 


568. Modern views as to the structure of matter compel us to abandon 
Ampére’s conception of molecular currents, but this conception can be re- 
placed by another which is equally capable. of accounting for magnetic 
phenomena. On the modern view all electric currents are explained as the 
motion of streams of electrons. The flow of Ampére’s molecular current may 
accordingly be replaced by the motion of rings of electrons. The rotation 
of one or more rings of electrons would give rise to a magnetic field exactly 
similar to that which would be produced by the flow of a current of electricity 
in a circuit of no resistance. 


It is on these lines that it appears probable that an explanation of 
magnetic phenomena will be found in the future. No complete explanation 
has so far been obtained, for the simple and sufficient reason that the arrange- 
ment and behaviour of the electrons in the molecule or atom is still unknown. 


EXAMPLES. 


1, Two wires are arranged in parallel, their resistances being R and S, and their 
coefficients of induction being Z, M, VW. Shew that for an alternating current of frequency 
p the pair of wires act like a single conductor of resistance R and self-induction L, given by 

R 
RS (L+S)+p2 {Rk (M-M)?2+8 (L—M)*} 
ct reer wn Cs ee eis ol eeeue 1 
NR + LS? +2URS +p? (LN— M*)(L+N-2M)” (R+S8P +p? (L+N-2M)?" 

2. A conductor of considerable capacity S is discharged through a wire of self-induc- 
tion LZ, At a series of points along the wire dividing it into n equal parts, (n—1) equal 
conductors each of capacity S’ are attached. Find an equation to determine the periods 
of oscillations in the wire, and shew that if the resistance of the wire may be neglected 
the equation may be written 

2 tan $h (S—438’)=S' cot nd, 
where the current varies as e~*, and sin?d =S’2L/4n, 


Examples 509 


3. A Wheatstone bridge arrangement is used to compare the coefficient of mutual 
induction M of two coils with the coefficient of self-induction Z of a third coil. One of the 
coils of the pair is placed in the battery circuit AC, the other is connected to B, D as a 
, Shunt to the galvanometer, and the third coil is placed in AD. The bridge is first balanced 
for steady currents, the resistances of 4B, BC, CD, DA being then Ry, Rz, R3, Ry: the 
resistance of the shunt is altered till there is no deflection of the galvanometer needle at 


make and break of the battery circuit, and the total resistance of the shunt is then &. 
Prove that s 


LRR, =U (R, + By). 


4, Two circuits each containing a condenser, having the same natural frequency when 
at a distance, are brought close together. Shew that, unless the mutual induction between 
the circuits is small, there will be in each circuit two fundamental periods of oscillation 
given by 

pala 1 
ACLS iy 


where (C;, C2 are the capacities, Z,, LZ. the coefficients of self-induction, and J/ the coefficient 
of mutual induction, of the circuits. 


5. Let a network be formed of conductors A, B,... arranged in any order. Prove that 
when a periodic electromotive force F'cos pt is placed in A the current in B is the same in 


amplitude and phase as the current is in A when an electromotive force /’cos pt is placed 
in B. 


CHAPTER XVII 


DISPLACEMENT CURRENTS AND ELECTROMAGNETIC WAVES 


MAXWELL’S EQUATIONS. 


569. Our development of the theory of electromagnetism has been based 
upon the experimental fact that the work done in taking a unit magnetic 
pole round any closed path in the field is equal to 47 times the aggregate 
current enclosed by this path. But it has already been seen (§ 534) that this 
development of the theory is not sufficiently general to take account of 
phenomena in which the flow of current is not steady: “the aggregate current 
enclosed by a path” is an expression which has a definite meaning only when 
the flow of current is steady. Before proceeding to a more general theory, 
which is to cover all possible cases of current flow, it is necessary to deter- 
mine in what way the experimental basis is to be generalised, in order to 
provide material for the construction of a more complete theory. 


The answer to this question has been provided by Maxwell. According 
to Maxwell’s displacement theory (§171), the motion of electric charges is 
accompanied by a “displacement” of the surrounding medium. The motion 
produced by this displacement will be spoken of as a “displacement-current,” 
and we have seen that the total flow which is obtained by compounding the 
displacement-current with the current produced by the motion of electric 
charges (which will be called the conduction-current), will be such that the 
total flow into any closed surface is, under all circumstances, zero. Thus if 
S,, S, are any two surfaces bounded by the same closed 


path s, the total flow of current across S, is the same as Si 
the total flow, in the same direction, across S,, so that — 
either may be taken to be the flow through the circuit s. . — 2 

Id. . 


Maxwell’s theory proceeds on the supposition that in 

any flow of current, the work done in taking a unit magnetic pole round s is 
equal to 47 times the total flow of current, including the displacement-current, 
through s. The justification for this supposition is obtained as soon as it is 
seen how it brings about a complete agreement between electromagnetic theory 
and innumerable facts of observation. 


570. Let us first put the hypothesis of the existence of displacement- 
currents into mathematical language. Let wu, v, w be the components of the 
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ordinary current at any point which is produced by the motion of electric 
charges, and let this be measured, as before, in electromagnetic units 
(cf. § 484). Let the components of the displacement, which has been shewn 
to be identical with Faraday’s polarisation (§ 172), be denoted as before by 
J, g,h. On Maxwell’s theory of displacement, f, g, h are the quantities of 
electricity of the second kind which have crossed unit areas perpendicular to 
the coordinate axes at any point. The corresponding rates of current-flow, or 
quantities which cross unit area per unit time, are of course 
df dg dh 
Gee ct wdie 

These are accordingly the components of Maxwell’s “displacement- 
current.” They are, however, measured in electrostatic units. If we suppose 
there to be C electrostatic units of charge in one electromagnetic unit, the 
displacement current, measured in electromagnetic units, will have com- 
ponents 

ldf ldg l1dh 
CO dt’ CO dt’ Cdt Peer ereseorscesesessssees 

and Maxwell’s total current, measured in electromagnetic units, will have 
components 
1dg 1 dh 
Ei ih al Cudte nbs eal 

Maxwell’s hypothesis is that the work done in taking a unit magnetic 
pole round a closed circuit is equal to 47 times the total current flowing 
through that circuit. This hypothesis is, as we have seen, self-consistent, 
because the total current behaves like an incompressible fluid, and conse- 
quently the total flow through a circuit has a definite meaning which is 
independent of the particular surface we select, closing up the circuit, over 
which to measure the current. 


The hypothesis may be transformed into mathematical language by 
following the procedure of § 533. It is found to be represented by the 


equations ia - ns 
_ oy _ 0B 
dn (ut or) = Doe 
OG Ve ROC OY Ne | Set Rae 523). 
4n(v+ GF) ae ou (528) 
i aon) 0B _ da 
a ( C di) da dy 


These are the equations which must replace equations (473)—(475) in the 
most general motion of electricity. If we differentiate the three equations 
with respect to a, y, z and add, we obtain 

Ou dv ow id (Z og *). 


an * dy a2 Cdt\am' dy | dz 
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Since, by equation (63), 


Of 0g , Oh _ 
aut Oy oy 1 az 
this may be written in the form 
du ov, dw dp 
C (= tat =) = oe ie (524). 
Now 0 (= + a+ +a ae) dx dydz simply expresses the rate at which currents 


of ordinary electricity, measured in electrostatic units, flow out of a small 
element of volume da dy dz, and so is necessarily equal to — £(p dx dydz). 


We accordingly see that equation (524) is true, quite independently of 
the truth of Maxwell’s displacement-theory. It follows that equations (523) 
form a consistent scheme, independently of the truth of the hypothesis from 
which they have been derived. The displacement-theory may be regarded 
merely as scaffolding, and Maxwell’s theory may be regarded as being simply 
the theory expressed by equations (523), independently of any physical in- 
terpretation that may be assigned to the various terms in these equations. 
Although we may, if we please, discard Maxwell’s interpretation, it will be 
convenient to continue to use the name “ displacement-current” to designate 
the vector whose components are given by formula (522). 

We proceed to examine the consequences implied in Maxwell’s equations 
(523). Since the truth of the equations must ultimately rest on something 
more substantial than the displacement-theory by the help of which they 
were derived, it is important to seize every opportunity of comparing the 
results of the theory with observation. 


MAXWELL’s EQUATIONS FOR A NON-CONDUCTING MEDIUM. 


571. In a non-conducting medium there can be no ordinary currents of 
electricity, so that we put u=v= w=0, and Maxwell’s equations assume the 


form 
ih Ss Ta 
C dt dy oz 
4a dg _0a dy e 
Ti Temirimr ral en (525) 
4m dh _0B 0a 
CO dt om dy 


We notice that the whole of the left-hand members arise entirely from the 
“displacement-current.” If the displacement-current were omitted, we should 
have 
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so that the magnetic forces (a, 8, y) would be derivable from a potential, and 
the only magnetic field in a dielectric in which no currents flowed would be 
one arising from permanent magnetism. 


Maxwell’s hypothesis, as expressed in equations (525), implies that there 
will be a magnetic field in a dielectric whenever the electric field changes, 
and enables us to calculate the forces in this field. 


MAGNETIC FIELD oF A MoviING CHARGE. 


572. As a simple but important example of the use of Maxwell’s 
equations (525) let us calculate the magnetic field produced by a single 
point charge e moving with a velocity v. 


Let the direction of motion of the charge at any instant ¢ be taken for 
axis of , the position of the charge being taken for origin. 


Let O (fig. 1387) be the 
position of the charge at time ¢, 
and O’ its position at time 
t— dt; then O’0 = vdt. 

Let P be the point at which 
we wish to evaluate the mag- ‘ 
netic force. Draw PQ parallel \ ! 
and equal to OO’. Then the 2 
electric field at P at time ¢ in ! 
will be the same as the electric Fie. 187. 
field at Q at time t — dt, so that 
the increase in the electric field at P in time dé will be the same as the in- 
crease produced by moving a distance — udt parallel to the axis of z Thus 


we have of of 
Ot =— ome ete. 


and equations (525) may be put in the form 


C 0% oy oz 
_4mvdg oa dy 
C Qa 02 om 


_4n0dh 9 _ da 
Coa ome oy. 
We have here three equations from which to determine the three com- 
ponents of magnetic force, a, 8 and y. 
A solution which obviously satisfies the last two equations is 


An U0 Aor U 


a=0, pipe a ti sat gas 
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This solution is also seen to satisfy the first equation in virtue of the 
relation (cf. Equation (64)), 
of _ (ae 
oy dz)’ 
it is therefore the required solution of the problem. 
For the electric field of a single point charge, we have* 


ay e ez 
an f=—3) 4g =5, 4rh=—,, 
and on substituting these values for f, g, h, the solution becomes 
U ez ve 
a=0, Boma, Y=A5 A keh Sam (526). 


These equations give the components of magnetic force at any point. 
The lines of magnetic force are circles about the path of the electron, and 
the intensity at distance 7 from the electron is 

eu sin 0 


ve} 9 wes eeereeeeaeeeseeseressseteesene 
where @ is the angle between the distance r and the direction of motion. 


572a. If asmall element ds of a circuit in which a current 7 (measured 
in electromagnetic units) is flowing contains Vds electrons moving with an 
average forward velocity U), we have (cf. equation (6) of § 345) 

Nev, = (i. 

The magnetic force at distance r produced by the motion of the electrons 

in the element ds of the circuit is (cf. expression 527)) 
Nds on ame 

This is exactly identical with the force given by Ampére’s Law (§ 497). 
But Ampére’s formula was only proved to be true when integrated round 
a closed circuit, whereas it is now seen that Maxwell's theory implies that 
the formula is true for every element of a circuit. | 


Experimental Confirmation. 


573. The possibility that a moving electric charge might produce a 
magnetic field occurred to Faraday and was noted by him in his Experimental 
Researches (1887); the effect was observed by Rowland in 1876 and again by 
Réntgen in 1885. Maxvwell’s equations, as we have just seen, predict the 
actual amount of this effect. The only quantity other than the measurable 
electric charge which appears in Maxwell’s formulae is C, the ratio of the 
electric units, and this can be determined in other ways (cf. §582 below), its 
value being found to be almost exactly 3 x 10". 


* This is not quite accurate, for the motion of the magnetic field (a, 8, ~) induces an electric 
field which ought to be taken into account in evaluating (jf, g, kh). Equations (526) are, however, 
very nearly accurate except for very rapidly moving charges. The exact solution will be given 
later (cf. §§ 624, 647, 656). 
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The first attempt to measure the effect quantitatively was made by Rowland 
and Hutchinson in 1889. They used dises charged to a potential of 5000 volts, 
which were made to rotate at 125 revolutions a second. The motion of the 
charged discs may be regarded as the motion of a succession of electric charges, 
and the magnetic force predicted by Maxwell’s theory can be calculated from 
formula (527). On comparing the observed effect with that predicted by 
theory, values for C were found which varied from 2°26 x 10” to 8°74 x 10”, the 
mean being 3:19 x 10". More exact experiments of a similar type performed 
by H. Pender in 1901 gave for C an average value of 3:05 x 10"; a second 
set, with slightly modified apparatus, gave C= 2:96 x 10" These values will 
be seen to agree very closely with the known value for C, 3:00 x 10", so that 
the experiments not only prove the existence of the magnetic field produced 
by moving charges, but also confirm Maxwell’s theory quantitatively. 


It may be objected that the foregoing experiments only test the magnetic 
field produced by a continuous chain of electric charges moving in a closed 
circuit, but this objection cannot be urged against experiments performed by 
E. P. Adams in 1901. In these experiments charged brass spheres were made 
to pass a suspended magnetic needle at the rate of about 800 per second and 
the apparatus was arranged so that the effect of one sphere had almost 
disappeared before the needle came under the influence of the next. From a 
series of such experiments Adams determined values for C ranging from 
2°6 x 10” to 3:1 x 10”, the mean being 2'8 x 10". 

Further confirmation of the existence of the displacement-current is pro- 
vided in a great number of indirect ways, particularly through the electro- 
magnetic theory of light and the electromagnetic mass of the electron. For 
the present we shall assume the truth of Maxwell’s hypothesis and proceed to 
examine its consequences. 


Tur GENERAL EQUATIONS OF THE ELECTROMAGNETIC FIELD. 


574. In §529, we obtained the system of equations 

da 02 oY 

dt oy oz 

in which all the quantities were expressed in electromagnetic units. If the 

electric forces are expressed in electrostatic units, X, Y, Z must be replaced in 
these equations by OX, CY, CZ, and the system of equations becomes 


etc. 


Lda _ 2% _a¥ 
 Odt dy 2 
CURIE NRA Lay oleate BA 19 4 (528) 
Cdt = oz). 0x 
1de_ oY _ax 
7 Odt=:0m oy 


33—2 
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These three equations together with equations (523), namely . 
0 
bn (u +5 q\= sds a 


Cdt}/ dy oz 
DOG) ee OY eee 529), 
1dh\ 08 0a 

4 ( +55) = ee 


constitute a system of six equations giving the rate of changes in the electric 
and magnetic fields in terms of the field at any instant. With them may be 
associated the two equations (63) and (362), namely 


of og , oh 530 
an a ay a ed DR Ra (530), 
da 0b ac 

aes pees tel 2 | Rane eer eh © 531 
Ox T oy = dz ? ee 


The eight equations (528)—(531) form the most general system of 
equations of the electromagnetic field. In these equations u, v, w, a, b, ¢, 
a, 8, y are expressed in electromagnetic units, while f, g, h, X, Y, Z are 
expressed in electrostatic units. 


Localisation and Flow of Energy. 


575. We have already considered the hypothesis that electromagnetic 
energy may not be confined to the regions occupied by electric charges, 
magnets and currents, but may be spread through the whole of space. On 
this hypothesis the kinetic (magnetic) energy 7 and the potential (electric) 
energy W of an isotropic medium are given by 


=< [[[u@+ +9) dedyde, 


ve = | | K (X*4 Y242) dadyde, 


and the energy is supposed to be localised in space in the way indicated by 
these integrals. Knowing the kinetic and potential energies of the system, 
it ought to be possible to determine its equations of motion by the general 
dynamical methods explained in Chapter XVI. 

The quantities a, 8, y which enter in the kinetic energy must be funda- - 
mentally of the nature of velocities. Let us denote them by &, 9, & so that 
&, n, § may be treated as positional coordinates. 

Similarly u, v, w which express the rates of flow of electricity at any 
point are of the nature of velocities. If q,, qy, gz denote the total quantity 
of electricity, measured in electrostatic units, which have crossed unit areas 
perpendicular to Ox, Oy, Oz at any point since a specified instant, then 


Cu= G2, Cu=qy, Cw=q. 
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Maxwell’s equations (529) now assume the form 


4vrr adf\ ob da 
t (% a) aoe a 
giving on integrating, and replacing 4af by KX, 
| 5 (4rge+ KX) = EA ne (582), 


This relation connects the various act coordinates qq, x (regarded 
as a “ displacement”), E ete. 


The principle of least action can be expressed, as in equation (507), in 
the form 


| ‘@L- {8W}) dt=0, 
where the value of {SW} in the present problem is 
(8W}=8W + i | | (X8qu + V8qy + Z8q,) dady de, 
which again, on substituting for W, can be put in the form 


(sW} = = i | | [X (K8X + 4nr8qn) + Y (K8Y + 4rrdqy) 
+2 (K8Z + 4n8q,)|dadyde 


reali | x x (F- Nes wy eee Ale 5) asap 


on using relations (5382). On further transforming by Green’s Theorem, this 
becomes 


{8} = all AG Rear 


-ElING ore. n) + ..| dedyds. 


Similarly on varying 7; we find 
SP = = i i I feta oeno yey] deduce 
= i | i [adé +839 + cSt] dady de, 
giving 
7 1 T 
| ‘aTat = 5 | | | (adé-+ b3q'+ 086) dedyde| 
ey : F . 

--— “at | | | (GSE + 68y +680) dedyde. 


As in § 545, we suppose the values of d£, Sn, Sf all to vanish at the instants 
t= 0 and t=r, so that the top line on the right hand vanishes. 
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Collecting terms, we now obtain 


[er-erpd=-2 |’ “( ae [ff( 4+ (§+ 5 -S) ae 
5. aye (bo ahaa 


2 [are [fmr—mz) S£+...} dS. 


If our suppositions as to the localisation of the kinetic and potential 
energies are correct, then &, 7, £ may be regarded as independent coordinates 
at every point of the field. Thus the variations 5£, 67, 6¢ may have all 
possible values at all points of the field. It follows that their coefficients 
must vanish separately; hence at every point of the field, we must have 


d&. J0L,. oF. 

Ot dy 2 

These are the equations which the principle of least action gives as the 

equations of motion when we assume Maxwell's equations (529). We see at 

once that they are identical with equations (528), so that the two sets of 
equations (528) and (529) are related through the principle of least action. 


= 0, etc. 


Poynting’s Theorem. 


576. If we still assume the energy to be localised in the medium in the 
way imagined by Maxwell, the total energy in any closed region will be 
given by 


K iy 
T+ w= |ff\g e+ V4 Z)+F (tt +) }dedyds 
whence, on differentiating, and replacing ya by a, KX by 4/f, etc., 


ae x4 
NOSELO ES = |[f\(x4 a +yee +25) +z (eG te +7 g)| dedyds 


On substituting from equations (528) and (529), this becomes 


a rll ( (-#)+ wna (FF) — | dedyde 
= of {fmx + 0¥ + wZ) dedyde, 


In this equation, the last line represents exactly the rate at which 
work is performed or energy dissipated by the flow of currents, so that the 


first lime must represent the rate at which energy flows into the region from 
outside. 
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9) ) F) 
= ml feee- Yo) +5, (Xu — Za) +2(va- xp) dedy dz 
=~ 2 |[eze- Vy) +m (Yy — Za) +n(Ya—X)} dS, 


1, m, n being the diréction-cosines of the normal inwards into the region. 
Thus if we put 
C ; 
II, = ae (Pry ZB). EEN sh tse ea eee (538), 


it appears that the value of ae +W) is the same as if there were a flow 


of energy in the direction 1, m, n of amount JII,+mII,+nlII,. The vector IL 
of which I],, Il,, Il, are components is of amount 


TI = /(11,? + I,?+ II) = BH sin 8, 


where R, H are the electric and magnetic intensities and @ is the angle 
between them. The direction of the vector II is at right angles to both R 
and H, and the flow of energy into or out of the surfaces is the same as if 
there were a flow equal to II in magnitude and direction at every point of 
space. This vector II is called the “Poynting flux of energy.” 


The integral of the Poynting Flux over a closed surface gives the total 
flow of energy into or out of a surface, but it has not been proved, and we are 
not entitled to assume, that there is an actual flow of energy at every point 
equal to the Poynting Flux. For instance if an electrified sphere is placed 
near to a bar magnet, this latter assumption would require a perpetual flow 
of energy at every point in the field except the special points at which the 
electric and magnetic lines of force are tangential to one another. It is difficult 
to believe that this predicted circulation of energy can have any physical 
reality. On the other hand it is to be noticed that such a circulation of energy 
is almost meaningless. The circulation of a fluid is a definite conception 
because it is possible to identify the different particles of a fluid; we can say 
for instance whether or not the particles entering a small element of volume 
are identical or not with an equal number of particles coming out, but the 
same is not true of energy. 


EQUATIONS FOR A UNIFoRM Isorropic DIELECTRIC. 


577. We return now to the general equations of § 574, and proceed to 
examine the form they assume in a uniform isotropic dielectric. Since there 
can be no electric current we put u=v=w=0. We also put 


4nf= KX etc, a=pa etc., 
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and the equations assume the form 


K aX _2 08 _nda_ 0 _a¥ 
OC dt oy 02 , Cdt Gy dz 
KdY da dy _pdg aX 2 
so ee eee Boe oe SS (BD 
K a2 _28_te _ndy_a¥_aX 
C dt dx oy Cdt ca oy 


From the first equation of system (A), we have 
Ku @PX _ oa (5 om) 0 (4 of 
@ dé@ ~ dy\Cdt)” dz\C dt 
wdB 


pe dry 
and on substituting the values of 4 CO = and CaF from the last two equations 


of system (B), this equation becomes 
Ku @X__ 0 (= =) 0 (= -) 


O di oy \0a dy) dz\dz Oa 
Cage C Ann tO 1/0. aeod, 
= er 
Since the sells is supposed to be uncharged, we have 
0X oY + 0% =(0 
On oy of ° 
so that the last term may be replaced by + ie , and the equation becomes 
Ke PX 
Or at — = V2X. 


By exactly similar analysis we can obtain the differential equation satis- 
fied by Y, Z, a, 8 and y, and in each case this differential equation is found 
to be identical with that satisfied by X. Thus the three components of 
electric force and the three components of magnetic force all satisfy exactly 
the same differential equation, namely 


where a stands for C/VKy. This equation, for reasons which will be seen 
from its solution, is known as the “equation of wave-propagation.” 
dy 


SOLUTIONS OF ie arV2y, 


Solution for spherical waves. 

578. The general solution of the equation of wave-propagation is best 
approached by considering the special form assumed when the solution y 
is spherically symmetrical. If a is a function of r only, where r is the 
distance from any point, we have 
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which may be transformed into 


d(ry) _ d(rx) 
(at dk eects (535), 
and the solution is 
ry =f (17 — At) + D(H AL) ..cccccccccecscrceees (536), 


where f and © are arbitrary functions. 


The form of solution shews that the value of y at any instant over a 
sphere of any radius r depends upon its values at a time ¢ previous over 
two spheres of radii r—at and r+at. In other words, the influence of any 

value of y is propagated backwards and forwards with velocity a. For 
instance, if at time t= 0 the value of y is zero except over the surface of a 
sphere of radius r, then at time t¢ the value of y is zero everywhere except 
over the surfaces of the two spheres of radii r+at; we have therefore two 
spherical waves, converging and diverging with the same velocity a. 


General solution (Liouville). 
579. The general solution of the equation can be obtained in the 
following manner, originally due to Liouville. 
Expressed in spherical polars, 7, 0 and ¢, the equation to be solved is 
ld'y 10/,0x MS tet iets 
a? dt? Segal +rrano 70 (sin 85 ee Og? ya 
Let us multiply by sin @d@d¢ and integrate this equation over the sur- 
face of a sphere of radius r surrounding the origin. If we put 


ve | Pet PETE e Ge ee (587), 


the equation becomes 
Lax 100 G x, 


ede ror\ or 
the remaining terms vanishing on integration. The solution of this equation 
(cf. equation (536)) is 
= - {f(at—r) t+ DAET)} ccccereecreeeerees (538). 


For small values of r this assumes the form 


In order that A may be finite at the origin through all time, we must 


have 
J (at) + ® (at) =0 


at every instant, so that the function ® must be identical with — f- Os 
putting r=0, equation (539) becomes 
(A) r=0 3 2f' (at), 
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and from equation (537), putting r= 0, we have 
(X)r=0= 47 (X)r=0; 
so that dor (y pnb = — 27 UGE) sen avay vane sites tacpeaees (540). 
Equation (538) may now be written as 


rr =f (at—r)—f(at+r). 


On differentiating this equation with respect to r and t respectively, 


J (ry=—f (at) -f (at +”) 


1 0 v Li 
a (rAj= f (at—r)—f' (at+7r), 
and on addition we have 
} 0 10 
—2f’ (at+r)= ar (rr) +73 (rr). 
This equation is true for all values of r and ¢: putting ¢=0, we have 
‘ a) Tr. 
— 2f'(r) = Bp (TAt=0) hat Ae=0 
as an equation which is true for all values of 7. Giving to r the special 
value r= at, the equation becomes 
— 2f' (at) = (thtn0) + threo: 
The left hand is, by equation (520), equal to 4a (y)-x0. If we use x, ¥ to 


denote the mean values of y and y averaged over a sphere of radius at at 
any instant, the equation becomes 


Ooi ze 
(X)r=0 = Ot (tX¢=0) ate t¥t=0 eee e cee cccccccccceccs (541). 


Thus the value of y at any point (which we select to be the origin) at 
any instant ¢ depends only on the values of y and y at time t=0 over a 
sphere of radius at surrounding this point. The solution is of the same 
nature as that obtained in § 578, but is no longer limited to spherical waves. 


General solution (Kirchhoff). 


580. A still more general form of solution has been given by Kirchhoff. 
Let ® and WV be any two independent solutions of the original equation, so 
that 


2 
SO VG, OE VY oc ccceeeeee (542), 


By Green’s Theorem (equation (101)) 
-3/[(ex- ve) as = {|[(@v¥— Vv) ded d 
on n her 


0 
W2 fos —282) ay 
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by equations (542). The volume integrations extend through the interior 
of any space bounded by the closed surfaces S,, S,, ..., and the normals to 
S,, S,,... are drawn, as usual, into the space. If we integrate the equation 
just obtained throughout the interval of time from t=—¢ to t=+t”, we 


ae -=] as [os - v2) ds 


=4, | | | { ea vo) dedyde | i? nie “(648 


So far Y has ce any solution of the differential equation. Let us 
now take it to be lp (r+ at), this being a solution (cf. equation (536)) what- 


ever function is Mean by #’, and let F(z) be a function of x such that it 
and all its differential coefficients vanish for all values of # except « = 0, while 


+o 

i F(«)dze=1. 

Such a function, for instance, is F' (&) = a t aie" 

We can choose ¢’ so that, for ‘all values of r considered, the value of 

r—at’ is negative. The value of r+ at” is positive if ¢’ is positive. Thus 

F'(r + at) and all its differential coefficients vanish at the instants ¢=¢” and 

t=-—1?, so that the right-hand member of equation (543) vanishes, and the 
equation becomes 


-2[ a |[(o ve) aS tO, saleeenes (544), 


Let us now suppose the surfaces over ile this integral is taken to be 
two in number. First, a sphere of infinitesimal radius 7, surrounding the 
origin, which will be denoted by S,, and second, a surface, as yet unspecified, 
which will be denoted by S. Let us first calculate the value of the contribu- 
tion to equation (544) from the first surface. We have, on this first surface, 


Van F (r+ * 
epee aloe at) += - F(ro + at), 
so that when 1, is made to Nee in the limit, we have 


a ot _y ) dS, =— 4 Pao F (at), 


and therefore 


3 BV BD\ og ° 
[ae (etwas dor |" Broo F (at) a 
Aur 


DG 
a GLal 


since the integrand vanishes except when ¢ = 0. 
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Thus equation (544) becomes 


tal flee ve) )as 
- [as 3/4 err r+ at) 
+o2 (2) Foesan—2 Fert at) = tat ee (545). 


Integrating by parts, we have, as the value of the first term under the 
time integral, 
Mor 1, 
ire Le rant (r+ at) dt 
ior 


tat" re” 1 Ord ® 
F(r+at)| alain ar PO tae 


The first term vanishes at both limits, and.equation (545) now becomes 


1 -ord® ~ @ (1 1o® 
%,-9= 7 |[asl a ep ae ago Sena stat 


We can now integrate with respect to the time, for F'(r + at) exists only 
at the instant t=—r/a. Thus the equation becomes 


1 ord® _ o2 1 lo® 
eet alleen Ge eon (=) i oe ae, 


giving the value of ® at the time ¢=0 in terms of the values of ® and ® 
taken at previous instants over any surface surrounding the point. The 
solution reduces to that of Liouville on taking the surface S to be a sphere, 


so that ty =-— ee 
on or 


As with the former solutions, the result obtained clearly indicates propa- 
gation in all directions with uniform velocity a. 


PROPAGATION OF ELECTROMAGNETIC WAVES. 


581. It is now clearthat the system of equations 
Ku dX 

C? dé 

etc., obtained in § 577 indicate that, in a homogeneous isotropic dielectric, all 
electromagnetic effects ought to be propagated with the uniform velocity 

C 

VKu ee 
there shewn that electric signals propagated along « a wire would advance with 


Ee 


This may be compared with the result optained in § 562. It was 


C 
a velocity ——— where K, m were the inductive capacity and magnetic 


VKp 
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permeability of the medium surrounding the wire. It now appears that the 
velocity of signals along a wire is identical with the velocity of waves in the 
medium outside the wire. 


Maxwell’s displacement theory gives a simple explanation of this. 
A current flowing in a wire is accompanied by a displacement current in 
the ether. This sets up a magnetic field which is propagated with velocity 
C/V Kyu in the dielectric and this in turn induces a further current in the wire. 
On this view the actual process of propagation takes place in the medium, 
the wire directs the path of the electromagnetic disturbance and absorbs 
some of the energy. 


It is to be noticed that the velocity of propagation along wires was 
obtained in § 562 before we had introduced the conception of “ displacement- 
currents” at all. That the result is not inconsistent with the velocity 
obtained on the hypothesis of displacement-currents will be understood from 
the result of § 575. 


Numerical Values. 


582. We notice that in free air, in which K = »=1, the velocity of pro- 
pagation of electric waves, whether along wires or in the air, ought to be the 
same as C, the ratio of the electric units. This enables us to apply a severe - 
test to the truth of the theory which has so far been developed, for both the 
value of CO and the velocity of propagation of electric waves admit of direct 
experimental determination. 


The best determinations of C, the ratio of the two units, are the following: 


Rosa and Dorsey (1907)... Bee O9 Mle OW 
Perot and Fabry (1898)... ... 2°9973 x 1010 
Hurmuzescu (1896) ... Ac ene OOLODaLOL 
Abraham (1890) ie ae 29913 x 101 


The true value is probably very close to the efter obtained by Rosa and 
Dorsey, namely C=2:9971 x 10”. 


Recent determinations of the velocity of propagation of electromagnetic 
waves in air are as follows: 


Maclean (1899) tee es pee e 10 lescal One 
Saunders (1897) sie eh Se PED oS OS 
Trowbridge and Duane (1895) a BHO SI Ran OS 


The mean of these values is 2'°997 x 10”. 


In the determinations of Saunders and of Trowbridge and Duane the 
waves were guided by copper wires, while the experiments of Maclean dealt 
with waves propagated through air without wires. The equality of velocities 
is of course a consequence, and also a confirmation, of the results obtained 


in § 562. 
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The ratio of the units, C, is also equal, or at least very nearly equal, to the 
velocity of light in air, and this confirmed Maxwell in his suggestion that 
light propagation is a special case of the propagation of electromagnetic 
waves. Out of this suggestion, amply borne out by the results of further 
experiments, has grown the electromagnetic theory of light of which a short 
account is given in the next chapter. The best determination of the velocity 
of light in air at present available is that of Michelson who finds (October 1924) 
for the value of this velocity 


2:99735 x 10” cms. a second, 
with a probable error of one in 22,000. 


Except for small differences, which are well within the errors of the various 
experiments, the quantities previously mentioned are seen to agree with this 
in value. 

Thus we may say, that the ratio of units C is identical with the velocity 
of propagation of electromagnetic waves, and this again is identical with the 
velocity of light. 


EQUATIONS FOR A UNIFORM IsoTROPIC CONDUCTOR. 


583. In an isotropic conductor the current (u,v, w) is proportional at 
every point to the electric force (X, Y, Z). We are supposing wu, v, w to be 
measured in electromagnetic units. The values of the components of electric 
force, measured in electromagnetic units, are CX, CY, CZ, these being of 
course the forces acting on an electromagnetic unit of electrical charge. Thus 
by Ohm’s Law, 


= es , ete. 
Z 


where 7 is the specific resistance measured in electromagnetic units. If we 
further put 47f= KX, etc., equations (529) become 


4nC Kd _ Oy 08 
— Salem a ROS cfd. (546) 
and two similar equations. 
On replacing equations (529) by these, the equations of §574 become the 


general equations of an isotropic conducting medium. 


If we differentiate the three equations of the system (546) with respect 
to #, y, 2 and add, we obtain 


4nC Kd\ (eX oY 0% 
(“+6 a) Ge ay ta) 7% 
From equation (530) we have 
OX OY 0Z 4p 


an * By Tae re 
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so that our equation becomes 


If p, is the value of p at time =0, the solution of this equation is 
4nC 
P = Poe See ¢ 
shewing that p falls away exponentially, no matter what electric or magnetic 
fields may be acting. This equation is identical with that already obtained 
in § 396, the factor O? simply corresponding to a change of units. Thus inside 
a conducting medium any initial charge will rapidly disappear, and we may 


suppose that 
Cao Os OL 


wat Gy tog 05 PHO. 
583 a. Multiply both sides of equation (546) by u and differentiate with 
respect to the time. We find 
Kp@PX , 4muOdX 0 (=) 2 (5) 
he dt} dz\di/* 


Crue ie dee oy 
The right-hand member of this equation may by equations (528) be 


reed ty 0 i oX ) 0 (= =) 


sO ahaa ay hae oe oem on 
0. (0A. -0Y, 04 
oa jo hes eee a mid 
and this is equal to CV2X, in virtue of the relation 
Cxe Or oF 
oe + ay + 2 0. 


Thus the equation becomes, on dividing through by C, 

KpPX  4rpdX _ 

Ci dein alin tae 
This equation involves X only, and so is the differential equation satisfied 
by X when electromagnetic waves are propagated in a conductor. Naturally 
Y, Z satisfy similar equations, and equations (528) shew that a,b, c or a, 8, y 
again satisfy similar equations. Thus X, Y, Z, 4, 8, y all satisfy the same 
differential equation, namely 

Px te 4ar0? dX 

Te he Wai 
where a stands for O//Kp. The complete solution of this equation has been 
given by Riemann*. 


=a°V2X,. 


* Die partielle Differentialgleichungen der Math. Physik, 4th edn. (1901), 1. p. 399. 
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We may notice that in a dielectric, r=, so that the second term dis- 
appears. The equation then reduces, as it ought, to equation (534) already 
obtained in §577. In many problems, the second term is more important 
than the first. When the first term is omitted, the equation reduces to the 
well-known equation of conduction of heat, already obtained in § 535 
(equation (480)). 

To form an estimate of the relative importance of the two terms on the 
left, let us examine the case of an alternating current in which the time- 


factor is e”*, We may as usual replace - by tp, and the equation becomes 


Aire C2: 


The neglect of the first term, which is of course the same thing as 
neglecting the displacement-current, is clearly permissible if 47C?/Krp is 
numerically large. When this ratio is not large, the error produced by the 
neglect of the first term will be greatest in problems in which 1 is large 
(conductors of high resistance) and in which p is large (rapidly changing 
fields). On substituting numerical values it will be found that in problems 
of conduction through metals, the neglect of the factor Krp/4mC*? produces 
a quite inappreciable error unless p is comparable with 10"—~e. unless we 
are dealing with oscillating fields of which the frequency is comparable with 
that of light-waves. Thus the effect of the displacement-current in metals 
has been inappreciable in the problems so far discussed, so that the neglect 
of this effect may be regarded as justifiable. The matter stands differently 
as regards the problems to be discussed in the next chapter, in which the 
oscillations of the field are identical with those of light-waves. 


UNnITs. 


584. We may at this stage sum up all that has been said about the 
different systems of electrical units. 


There are three different systems of units to be considered, of which two 
are theoretical systems, the electrostatic and the electromagnetic, while the 
third is the practical system. We shall begin by discussing the two 
theoretical systems and their relation to one another. 


585. In the Electrostatic System the fundamental unit is the unit of 
electric charge, this being defined as a charge such that two such charges at 
unit distance apart in air exert unit force upon one another. There will, of 
course, be different systems of electrostatic units corresponding to different 
units of length, mass and time, but the only system which need be considered 
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is that in which these units are taken to be the centimetre, gramme and 
second respectively. 


In the Electromagnetic System the fundamental unit is the unit mag- 
netic pole, this being defined to be such that two such poles at unit distance 
apart in air exert unit force ppoae ore another. Again the only system 
which need be consideréd is that in which the units of length, mass and 
time are the centimetre, gramme and second. | 


From the unit of electric charge can be derived other units—eg. of 
electric force, of electric potential, of electric current, etc.—in which to 
measure quantities which occur in electric phenomena. These units will 
of course also be electrostatic units, being derived from the fundamental 
electrostatic unit. 


So also from the unit magnetic pole can be derived other units—e.g. of 
magnetic force, of magnetic potential, of strength of a magnetic shell, ete.— 
in which to measure quantities which occur in magnetic phenomena. These 
units will belong to the electromagnetic system. 


If electric phenomena were entirely dissociated from magnetic phenomena, 
the two entirely different sets of units would be necessary, and there could be 
no connection between them. But the discovery of the connection between 
electric currents and magnetic forces enables us at once to form a connection 
between the two sets of units. It enables us to measure electric quantities— 
e.g. the strength of a current—in electromagnetic units, and conversely we 
can measure magnetic quantities in electrostatic units. 


We find, for instance, that a magnetic shell of unit strength (in electro- 
magnetic measure) produces the same field as a current of certain strength. 
We accordingly take the strength of this current to be unity in electro- 
magnetic measure, and so obtain an electromagnetic unit of electric current. 
We find, as a matter of experiment, that this unit is not the same as the 
electrostatic unit of current, and therefore denote its measure in electro- 
static units of current by C. This is the same as taking the electromagnetic 
unit of charge to be C times the electrostatic unit, for current is measured in 
either system of units as a charge of electricity per unit time. 


In the same way we can proceed to connect the other units in the two 
systems. For instance, the electromagnetic unit of electric intensity will be 
the intensity in a field in which an electromagnetic unit of charge experiences 
a force of one dyne. An electrostatic unit of charge in the same field would 
of course experience a force of 1/C dynes, so that the electrostatic measure of 
the intensity in this field would be 1/C. Thus the electromagnetic unit of 
intensity is 1/C times the electrostatic. The following table of the ratios of 
the units can be constructed in this way: 

J. 34 
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| Ratios of Units. 


Charge of Electricity. One electromag. unit =C  electrostat. units. 
Electromotive Force. Sesh ated, LG iy utss y 
Electric Intensity. + is som LC uk » 
Potential. 9 ” » =1/C ” ” 
Electric Polarisation. J % 5 ee # » 
Capacity. ~ :} see Se i ” 
Current. 5 co a 9 » 
Resistance of a conductor. __,, is ee 8 
Strength of magnetic pole. __,, r ,» =1/0  , » 
Magnetic Intensity. . 3: » =C "5 ” 

, Induction. ° a ‘ » =1/C 5 4s 
Inductive Capacity. is e » =C0? » » 
Magnetic Permeability. . i Hi SLC aa P 


586. The value of C, as we have said, is equal to about 3 x 10” in cas. 
units. If units other than the centimetre, gramme and second are taken, the 
value of C will be different. Since we have seen that C represents a velocity, 
it is easy to obtain its: value in any system of units. 


For instance a velocity 3x10! in c.c.s. units=6°71 x 108 miles per hour, so that if 
miles and hours are taken as units the value of @ will be 6°71x108 


Practical Units. 


587. The practical system of units is derived from the electromagnetic 
system, each practical unit differing only from the corresponding electro- 
magnetic unit by a certain power of ten, the power being selected so-as_ 
to make the unit of convenient size. The actual measures of the practical 
units are as follows: 


Measure in 
: Measure in electrostatic units 
Quantity Name of Unit electromag, units (Taking C=3 x 10!) 
Charge of Electricity Coulomb 10> 3 x 10° 
Electromotive Force 
Electric Intensity Volt 108 why 
Potential 
Capacity Farad 10> DanLO= 
3 Microfarad 103% 9 x 105 

Current Ampere 10-3 3 x 10° 
Resistance Ohm 10° onl be, 

9 x 104 


For legal and commercial purposes, the units are defined in terms of material standards. 
Thus according to the resolutions of the International Conference of 1908 the legal (Inter- 
national) ohm is defined to be the resistance offered to a steady current by a uniform 
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column of mercury of length 106:300 cms., the temperature being 0°C., and the mass 
being 14-4521 grammes, this resistance being equal, as nearly as can be determined by 
experiment, to 10° electromagnetic units. Similarly the legal (International) ampére is 
defined to be the current which, when passed through a solution of silver nitrate in water, 
deposits silver at the rate of 00111800 grammes per second. 


“Physical Dimensions of Units. 


588. As explained in §18, all the electric and magnetic units will have 
apparent dimensions in mass, length and time. These are shewn in the 
following table: 


Electrostatic Electromagnetic 


Charge of Electricity e Mt 7-1 Mt 16s 
Density) one %%} p Mt Lt 7-1 Mt pt 
Electromotive Force # Mt Li T- UAL? T-2 
Electric Intensity R(X, Y, Z) MtLtT-3 Mt Li T-2 
Potential V Milt T-1 Mt Li 7-2 
Electric Polarisation P (f; 9; 2) Mt Lt 7-1 Mi Lt 
Capacity C L L217 
Current é MAL? 7-2 MALE T-1 
Current per unit area (u, v, w) MitLtT-3 M3 Lt 7-1 
Resistance R ISOM Tb pf hing 
Specific resistance T Gf! YU 
Strength of magnetic pole m ut is Mt Li 7-1 
Magnetic Force H (a, 8, y) Ui 1? 7-2 MILtT 
-,, Induction B(a, 6, ¢) MIL MIL T-1 
Inductive Capacity § K il Ie 
Magnetic Permeability pe JON bee 1 
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CHAPTER XVIII 


THE ELECTROMAGNETIC THEORY OF LIGHT 


VELoOcITY OF LIGHT IN DIFFERENT MEDIA. 


589. Iv has been seen that, on the electromagnetic theory of light, the 
propagation of waves of light in vacuo ought to take place with a velocity 
equal, within limits of experimental error, to the actual observed velocity 
of light. A further test can be applied to the theory by examining whether 
the observed and calculated velocities are in agreement in other media. 

According to the electromagnetic theory, if V is the velocity in any 
medium, and V, the ats in vacuo, we nee to have the relation 


7, hig Teller NV Ky fo 
where K,, m refer to free space. 
For free space and all media which will be considered, we may take w = 1. 
Also if v is the refractive index for a plane wave of light passing from free 
space to any medium, we have from optical theory the relation 


ig 4 
so that, according to the electromagnetic theory, the refractive index of any 
medium ought to be connected with its inductive capacity by the relation 


ae 


One difficulty appears at once. According to this equation there ought to 
be a single definite refractive index for each medium, whereas the phenomenon 
of dispersion shews that the refractive index of any medium varies with the 
wave-length of the light. It is easy to trace this difficulty to its source. The 
phenomenon of dispersion is supposed to arise from the periodic motion of 
charged electrons associated with the molecules of the medium (ef. § 610, 
below), whereas the theoretical value which has been obtained for the velocity . 
of light has been deduced on the supposition that there are no moving 
charges at any point of the dielectric (cf. § 577). A correction to the value 
just obtained for » will be needed to represent the effect of the motion of 
charged electrons in the medium. When this motion is infinitely slow, the 
correction disappears, so that our equation ought to give the true value of pv 
in the limiting case of light, or other electromagnetic waves, of infinite wave- 
length. It is impossible to deal experimentally with waves of infinite wave- 
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length, but the following tables* shew that as the wave-length increases, the 
refractive index v approximates to VK/K). 


eo ee ETHYL ei 


v (observed) 


Wave-length Wave-length 


v (observed) 


(cms.) 

65 4:89 
57 34 
0'8 2°57 
0°4 2:24 

0000589t 1°36 


000126+ 
0000589 


590. For gases there is quite good agreement between theory and 
experiment, in spite of the failure of the theory to take all the facts into 
account. 


In the following table, the values of oleae = are mean values taken from 


the table already given on p. 132 of the re eeets capacities of gases. The 
values of v refer to sodium light. 


Gas Mean = v (observed) | Authority Mean v 
0 

Hydrogen Sec 1:000132 1:0001387 1 1:000135 
1:000132 2 

Air des aes 1:000294 1:0002927 1 1:000293 
1:000293 2 

Carbon Monoxide 1:000346 1:0003350 1 1:000335 

Carbon Dioxide 1:000482 1:000449 3 1:000450 
1:000451 2 

Nitrous Oxide ... ~ 1000541 1:0005151 1 1:000509 
1:000503 3 

Ethylene ao 1:000692 1:000720 1 1:000699 
1:000678 2 


Authorities:—l. Mascart. 2. G. W. Walker (PAil. Trans, A. 201, p. 485). 
3. Preston (Theory of Light, p. 137). 


* From material collected by Pidduck, 4 Treatise on Electricity (Camb. Univ. Press, 1916), 


p. 451. ; 
+ Infra-red radiation. + Sodium light, 
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WAVES OF LIGHT IN NON-CONDUCTING MEDIA. 


Solution of Differential Equation for Plane Waves. 


591. The equation of wave-propagation 


2, 
has, as a particular solution, 
iy =n Apt (iatmyt pear) pean, scene ee (547), 


provided 2+ m?+n?=1, This value of y is a complex quantity of which the 
real and imaginary parts separately must be solutions of the original equation. 
Thus we have the two solutions 


x =A C08 « (la + MY FNS — Ab)... .ccercsceseeseees (548) 
xv =A sin « (la + my + nz — at). 


Hither of these solutions represents the propagation of a plane wave. 
The direction-cosines of the direction of propagation are J, m, n, and the 
velocity of propagation is a. Usually it will be found simplest to take the 
value of y given by equation (547) as the solution of the equation and reject 
imaginary terms after the analysis is completed. This procedure will be 
followed throughout the present chapter; it will of course give the same 
result as would be obtained by taking equation (548) as the solution of the 
differential equation. 


Propagation of a Plane Wave. 


592. Let us now consider in detail the propagation of a plane wave of 
light, the direction of propagation being taken, for simplicity, to be the axis 
of « The values of X, Y, Z, a, 8, y must all be solutions of the differential 
equation, each being of the form 


Aen Ord Ee Ne eee eae (549). 


The six values of X, Y, Z, a, 8, y are not independent, being connected by 
the six equations of § 577, namely 


K dX _dy_ 08 _uda_% a¥ 
CG dt ~ oy. dz Cdt dy oz 
KdY 0a dy udB oX oe 
O dt 7be 7 ae (8 "Gh de ete ay 
KdZ_ 0B _%a wdy OY ax 
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From the form of solution (equation (549)), it is clear that all the differ- 
ential operators may be replaced by multipliers. We may put 


ae ao; Cp Oe 
di 1Ka, ag Us oy iran 0. 
The equations now become 
X=0 a) 

Ka 
— = : as 
6] Thee (A’) 6) A Ne (B’) 
hes > pa 


Since Kya? = C2, it is clear that the second and third equations in (A’) are 
identical with the third and second equations respectively in (B’). 

Since X = 0, a=0, it appears that both the electric and magnetic forces 
are, at every instant, at right angles to the axis of a, we. to the direction of 
propagation. From the last two equations of system (A’) we obtain 

BY +9Z=0, 
shewing that the electric force and the magnetic force are also at right angles 
to one another. 

On comparing the results obtained from the electromagnetic theory of 
light, with those obtained from physical optics, it is found that the wave of 
light which we have been examining is a plane-polarised ray whose plane of 
polarisation is the plane containing the magnetic force and the direction of 
propagation. Thus the magnetic force is in the plane of polarisation, while 
the electric force is at right angles to this plane. 


CRYSTALLINE DIELECTRIC MEDIA. 


592a. Let us consider the propagation of light, on the electromagnetic 
theory, in a crystalline medium in which the ratio of the polarisation to the 
electric force is different in different directions. 
By equation (92), the electric energy W per unit volume in such a medium 
is given by 
= = (KyX? + 2K,XV +...) 


If we transform axes, taking as new axes of reference the principal axes of 


the quadric 
Ky2 + 2Ki.ry + eos — a 


then the energy per unit volume assumes the form 


be = (E,X? + K,Y?+ K,2). 
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The components of polarisation are now given by (ef. equations (89)) 
4orf = K,X, 4arg = KY, 4orh = K,Z, .. 
so that the general equations (529) atid (528) of § 574 assume the forms 


K,aX _0y 98 _uda_ 0 0 
CO dt oy oz C dt dy oz 
K, dY oa Ory ” aI dp _ 0X ve 04 B’). 
Uiah a oe Cape ae Odi tao 
Kaz _08_ tn _ way _a¥ _0X 
C dt om oy Cdt oda oy 


These may be compared with equations (A) and (B) of § 592. 


If we differentiate the system of equations (A”) with respect to the time, 
da dB dy 
at dt at 
eels ate seit ey ete 
Ox Oy 02 
On assuming a solution in which X, Y, Z are each proportional to 
eit (le+my +nz-— Vt) 


and substitute the values of — Y from system (B”), we obtain 


these equations become 


a VX =X =X + mY + nZ)=0, ete. 
On eliminating X, Y and Z from these three equations, we obtain 
P m? n? 
+1=0 
‘2 Le M 1G Kp 
72 a ad 2 
J Ga Deve aE yo Ze C2 1 


If we put = =v,’, etc, and simplify, this becomes 
1b 


[2 m n? 

isa yay) V?—v2 

This equation gives the velocity of propagation V in terms of the direction- 

cosines J, m, n of the normal to the wave-front. The equation is identical 

with that found by Fresnel to represent the results of experiment. It can be 

shewn that the corresponding wave-surface is the well-known Fresnel wave- 

surface, and all the geometrical phenomena of the propagation of light in a 

crystalline medium follow directly. For the development of this part of the 
theory, the reader is referred to books on physical optics. 


Assuming that a, 8, y as well as X, Y, Z are proportional to the exponen- 
tial e*Cztmytnz—V2), the equations of system (A’”) become 


— hE X = my—np, 


= (0, 


and two similar equations, 
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If we multiply these three equations by J, m, n respectively and add, we 
obtain 


LK,X + mK,Y +nK,Z=0, 
shewing that the electric polarisation is in the wave-front, 


The system (B”) of equations reduce to 
b y a=mZ—nY, 


and two similar equations, and on again multiplying by J, m, n and adding, 
we obtain 

la+mB + ny =0, 
which shews that the magnetic force also is in the wave-front. 

We shall not discuss crystalline media in detail in the present book since 
their special peculiarities are the same on the electromagnetic as on any 
other theory of light. The discussion of these peculiarities is a branch of the 
science of optics rather than of electromagnetism. 


MECHANICAL ACTION. 
Energy in Light-waves. 


592b. For a wave of light propagated along the axis of Oz, and having 
the electric force parallel to Oy, we have (cf. § 592) the solution 
X =Z=0; Y= Y,cosx(a#—at), 
ae 0. YY = Yo COs « (x — at), 
and this satisfies all the electromagnetic equations, provided the ratio of y% to 
Y, is given by 


The energy per unit volume at the point « is 
1 2 oe i 2 2 2 —at 
eee tne) re GE aie Heyal) cone (2 ict) 


Since uy?= KY,?, it appears that the electric energy is equal to the 
magnetic at every point of the wave. The average value of cos’ «(#— at), 
averaged with respect either to or to ¢, is 4, so that the average energy per 
unit volume 

EV ye 
Sar Sar’ 

As Maxwell has pointed out*, these formulae enable us to determine the 

magnitude of the electric and magnetic forces involved in the propagation of 


* Maxwell, Electricity and Magnetism (Third Edition), § 793. 
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light. According to the determination of Langley, the mean energy of sun- 
light, after allowing for partial absorption by the earth’s atmosphere, is 
4-3 x 10-* ergs per unit volume. This gives, as the maximum value of the 
electric intensity, 


Y, ='33 o.cs. electrostatic units = 9°9 volts per centimetre, 
and, as the maximum value of the magnetic force, 
Yo = 033 0.4.8. electromagnetic units, 


which is about one-sixth of the horizontal component of the earth’s field in 
England. 


The Pressure of Radiation. 


592c. In virtue of the existence of the electric intensity Y, there is in any 

2 
87 
electric force. There is therefore a pressure of this amount per unit area 
over each wave-front. Similarly the magnetic field results (§471) in a pres- 


2 
=e per unit area. . 


Thus the total pressure per unit area 
aa KY? ee pry? ~ KY? a LY? 
Sir * Sir 


medium (§ 165) a pressure 


per unit area at right angles to the lines of 


sure of amount 


cos? « (a — at). 


This is exactly the expression just found for the energy per unit volume 
Thus we see that over every wave-front there ought, on the electromagnetic 
theory, to be a pressure of amount per unit area equal to the energy of the 
wave per unit volume at that point. The existence of this pressure has been 
demonstrated experimentally by Lebedew* and by Nichols and Hull t, and 
their results agree quantitatively with those predicted by Maxwell’s Theory. 


REFRACTION AND REFLECTION. 
Conditions at a Boundary between two different media. 


593. Let us next consider what happens when a wave meets a boundary 
between two different dielectric media 1, 2. Let the suffix 1 refer to quanti- 
ties evaluated in the first medium, and the suffix 2 to quantities evaluated in 


the second medium. For simplicity let us suppose the boundary to coincide 
with the plane of yz. 


* Annalen der Physik, 6, p. 433. + Physical Review, 13, p. 807. 
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At the boundary, the conditions to be satisfied are (§§ 187, 467) : 

(1) the tangential components of electric force must be continuous, 
(2) the normal components of electric polarisation must be continuous, 
(8) the tangential components of magnetic force must be continuous, 
(4) the normal components of magnetic induction must be continuous. 


Analytically, these conditions are expressed by the equations 
K,X,=K,X;, Yvan tA = Zui ae teae (550) 
(yO = Me, Bi=s:; Og SPY g ssatte ss oko (551). 
Tt will be at once seen that these six equations are not independent: if 


the last two of equations (550) are satisfied, then the first of equations (551) 
is necessarily satisfied also, as a consequence of the relation 


being satisfied in each medium, while similarly, if the last two of equations 
(551) are satisfied, then the first of equations (550) is necessarily satisfied. 
Thus there are only four independent conditions to be satisfied at the 
boundary, and each of these must be satisfied for all values of y, z and ¢. 
It is most convenient to suppose the four boundary conditions to be the 
continuity of Y, Z, B, ¥. 


Refraction of a Wave polarised in plane of incidence. 


594. Let us now imagine a wave of light to be propagated through 
medium (1), and to meet the boun- 
dary, this wave being supposed polar- 
ised in the plane of incidence. Let 
the boundary, as before, be the plane 
of yz, and let the plane of incidence 
be supposed to be the plane of zy. 
Since the wave is supposed to be polar- 
ised in the plane of incidence, the 
magnetic force must be in the plane 
of zy, and the electric force must be 
parallel to the axis of 2 Hence for 
this wave, we may take : Fra. 138. 

A4=Y=0, 


Z=Z_ cies @cos+y sin @,- Vit), 


a=a’ ett (vcos@+y sin 61— Vit), 


B= QB’ eft: (woos tity sin O1— Vit), 


y=0, 
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and it is found that the six equations (A), (B) of p. 534 are satisfted if 
a’ eh lye 


— ee 
sin@, —cos0, (e 


The angle 0, is seen to be the “angle of incidence” of the wave, namely, 
the angle between its direction of propagation and the normal (Oz) to the 
boundary. 

Let us suppose that in the second medium there is a refracted wave, 
given by 

A =Y=0, 
Z=Z" eike (cos @,+y sin 9,— Vit) 
a=a’ etks("cosé,+y sin @,— Vit) , 
B = jee eke (@ cos 6.+y sin 6, — Vit), 
7=0, 3 
where, in order that the equations of propagation may be satisfied, we must 
have 


a’ Be Tim 
. sin 0, ~ — 08 Op — YET Cece rrccosesessscecce (558). 
he 


It will be found on substitution in the boundary equations (550) and 
(551) that the presence of an incident and refracted wave is not sufficient to 
enable these equations to be satisfied. The equations can, however, all be 
satisfied if we suppose that in the first medium, in addition to the incident 
wave, there is a reflected wave given by 

A4=Y=0, 
Z=Z"" eke eos Oty sin 6s—Vjt), 
a= a” etks (& Cos O3+-y sin 6,— Vt), 


B = jeg ers (x cos 03+ y sin @5— Vit) 
> 


cha) 
where, in order that the equations of propagation may be satisfied, we must 
have 
al” < for Zig 
an 6; = Rh = WE GnactedssonavogscacKs (554) 
Ky 


The boundary conditions must be satisfied for all values of y and t. Since 

y and ¢ enter only through exponentials in the different waves, this requires 
that we have 

My Sil Oy = 0c, BI OSI RIE Ope vote tetas eee ee (555) 


eVy =e, =e Vein ee (556). 
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From (556) we must have «,=«;, and hence from (555), sin 0, =sin 6). 
Since 6, and 6; must not be identical, we must have 6,.=7-—6;. Thus 
The angle of incidence is equal to the angle of reflection. 
We further have, from equations (555) and (556), 
= " = . Ee. ec cigh eee (557), 
where v is the index of refraction on passing from medium 1 to medium 2, 


so that the sene of the angle of incidence is equal to v times the sine of the 
angle of refraction. 


Thus the geometrical laws of reflection and refraction can be deduced at 
once from the electromagnetic theory. These laws can, however, be deduced 
from practically any undulatory theory of light. A more severe test of a 
theory is its ability to predict rightly the relative intensities of the incident, 
reflected and refracted waves, and this we now proceed to examine. 


595. The only boundary conditions to be satisfied are the continuity, at 
the boundary, of Z and B (ef. § 593). Thus we must have 


oe Lp ae Pee Spe t me oa ee, mee (558), 
PEG Aces Shier aon ass VN eet aa Ne (559). 
On substituting from equations (552), (553) and (554), the last relation 
becomes ee “a 
Rie cos 0,(Z’ — Z””) eg Ei iy ANE BE one (560), 
By He 
so that all the boundary conditions are satisfied if 
the VASE _ 
Taw 7D Tey ce (561), 
Ke pa cos? e 
where Oe PERN ek te eee ee (562) 


For all media in which light can be propagated, we may take 4 =1, so 
that = 
K,cos 0, _ sin @,cos@, tan 0, 
Kycwoed, sin6,cos 6, tan 0, = 


i= 


Thus the ratio of the amplitude of the reflected to the incident ray is 
Z” _1-wu_tan@,—tan0@, _ sin(@,— 4) 
Z 1+u tan6,+tan@, sin(6@,+0,) 


This prediction of the theory is in good agreement with experiment. 


This being so, the predicted ratio of ae is necessarily in agreement with ex- 


periment, since both in theory and experiment the energy of the incident 
wave must be equal to the sum of the energies of the reflected and refracted 
waves. 
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Ou 
Tse 
bo 


Total reflection. 
\ 
596. We have seen (equation (557)) that the angle @, is given by 
sin 6, = . sin 6,, 
Vv 

where v is the index of refraction for light passing from medium 1 to 
medium 2. If » is less than unity, the value of < sin #, may be either 
greater or less than unity according as @,> or <sinv. In the former case 


sin 6, is greater than unity, so that the value of 6, is imaginary. 


This circumstance does not affect the value of the foregoing analysis in a 
case in which 6, >sin-v, but the geometrical interpretation no longer holds. 


Let us denote + sin 6, by p, and 7p?—1 by g. Then in the analysis we 


may replace sin @, by p, and cos 6, by ig, both p and q being real quantities. 
The exponential which occurs in the refracted-wave is now 
eiks (x cos 6,+-y sin 0,— Vt) 
= gtk: iqz+tpy — Vat) 
= e7"29% pits (py — Vet), 

Thus the refracted wave is propagated parallel to the axis of y, we. 
normal to the boundary, and its magnitude decreases proportionally to the 
factor e~?, At a small distance from the boundary the refracted wave 
becomes imperceptible. 

Algebraically, the values of Z’, Z” and Z”” are still given by equations (561), 


but we now have 
reyes cos 0, aay eae 
pak, COs 0; bei, cos 0,’ 


so that w is an imaginary quantity, say w=, and, from equations (561), 
ZN 1-u_l—w 
Ze l+u 1+’ 


; ] l-—w 
Since v1 1, h —-|= 
s real, we have |7— 4 1, so that we may take 


Wy UA ; 
Z =Z' ex, 


where =arg (= i a — 2 tan», 


In the reflected wave, we now have 
Z=Z"" ee (—acos 6,+y sin 6, — V,2) 


= 7 e** (—% cos 6,+y sin 6,— V,t-2 tan!) 
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Comparing with the incident wave, in which 
Z=7' es (@ cos 8,+-y sin 6, — Vid), 


we see that reflection is now accompanied by a change of phase — 2« tan», 
but the amplitude of the wave remains unaltered, as obviously it must from 
the principle of energy. 


Refraction of a Wave polarised perpendicular to plane of incidence. 


597. ‘The analysis which has been already given can easily be modified 
so as to apply to the case in which the polarisation of the incident wave is 
perpendicular to the plane of incidence. All that is necessary is to inter- 
change corresponding electric and magnetic quantities: we then have an 
incident wave in which the magnetic force is perpendicular to the plane of 
incidence, and this is what is required. 


Clearly all the geometrical laws which have already been obtained will 
remain true without modification, and the analysis of § 596 (total reflection) 
will also hold without modification. 


Formula (563), giving the amplitude of the reflected ray, will, however, 
require alteration. We have, as in equation (564), for the ratio of the 
amplitudes of the incident and reflected rays, 


but the value of u, instead of being given by equation (563), must now be 
supposed to be given by 

_ by KE, cos? 0, 

Ky py, cos? 0,’ 


u* 
this equation being obtained by the interchange of electric and magnetic 


terms in equation (562). Taking u.=~,=1, we obtain 


K, cos 6, __ sin @, cos 0, 7 sin 26, 
K,cos@, sin@,cos@, sin 26,’ 


t= 


whence, from equation (565), 
yf” _ tan (A, — 01) 


giving the ratio of the amplitudes of the incident and reflected waves. This 
result also agrees well with experiment. 


598. We notice that if 0,+ 6,=90°, then y’”=0. Thus there is a certain 
angle of incidence such that no light is reflected. Beyond this angle y” is 
negative, so that the reflected light will shew an abrupt change of phase 
of 180°. This angle of incidence is known as the polarising angle, because if 
a, beam of non-polarised light is incident at this angle, the reflected beam will 
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consist entirely of light polarised in the plane of incidence, and will. accordingly 
be plane-polarised light. 

It has been found by Jamin that formula (566) is not quite accurate 
at and near to the polarising angle. It appears from experiment that a 
certain small amount of light is reflected at all angles, and that instead of 
a sudden change of phase of 180° occurring at this angle there is a gradual 
change, beginning at a certain distance on one side of the polarising angle 
and not reaching 180° until a certain distance on the other side. Lord 
Rayleigh shewed that this discrepancy between theory and experiment 
can often be attributed largely to the presence of thin films of grease and 
other impurities on the reflecting surface. Drude found that the out- 
standing discrepancy could be accounted for by supposing the phenomena 
of reflection and refraction to occur, not actually at the surface between the 
two media, but throughout a small transition layer of which the thickness 
must be supposed finite, although small compared with the wave-length of 
the light. 


WAVES IN METALLIC AND ConDUCcTING MEDIA. 


599. Ina metallic medium of specific resistance 7, equations (A) of § 592, 
namely 


Cee ee oe (567), 
etc., must be replaced (cf. equation (546)) by 

dn? Kd)» ey 28 

( y +GG)2= i ee (568), 


ete. 
For a plane wave of light, the time may be supposed to enter through the 


complex imaginary e’?' and we may replace z by ip. Thus the left-hand of 


equation (567) becomes ae X, while the left-hand of equation (568) becomes 


4nC | Ke ‘ 
(= + ae X. It accordingly appears that the conducting power of the 
medium can be allowed for by replacing K by K +—— ii 
ipt * 
600. Inanon-conducting medium, the equation = xe = V*y, satisfied b 
C2 dt x se y 
each of the quantities X, Y, Z, a, 8, y (cf. §577), reduces to 


—y Ku 
a= VX 
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when the wave is of frequency p/27. The corresponding equation for a con- 
ducting medium must, by what has just been said, be 


an equation which has already been obtained in § 583 a. 


For a plane wave propagated in a direction which, for simplicity, we shall 
suppose to be the axis of z, the solution of this equation will be 


PN, SECA Ce Cea OE AAT ast, Penne ae (570), 
: : 
where (qt+iry=— ee fe Smtup (S71): 


pee U1 PERM GS eRe S88 


Clearly the solution (570) represents the propagation of waves with a 
velocity V equal to p/r, the amplitude of these waves falling off with a 
modulus of decay q per unit length. 


On equating imaginary parts of equation (571) we obtain 


Se a! eet el (572), 
so that q is given by 


601. For a good conductor 7 is small, so that q is large, shewing that 
good conductors are necessarily bad transmitters of light. For a wave of 
light in silver or copper we may take as approximate values in C.G.S. units 
(remembering that 7 as given on p. 342 is measured in practical units) 


7=1°6 x 10-* ohms =1'6 x 10° (electromag.), w=1, V=3x10", 


from which we obtain g=1'2 x 10%. It appears that, according to this theory, 
a ray of light in a good conductor ought to be almost extinguished before 
traversing more than a small portion of a wave-length. This prediction of 
the theory is not borne out by experiment. 


We shall see below (§ 600) that the difficulty is to some extent removed 
on taking account of the presence of electrons in the metal. Before passing 
to the more general theory in which the electrons are taken into account we 
shall examine the phenomenon of metallic reflection according to our present 
simple theory, and shall again find that the simple theory fails to agree with 
the facts. 
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Metallic Reflection. 


602. Let us suppose, as in fig. 138, that we have a wave of light inci- 
dent at an angle 6, upon the boundary between two media, and let us suppose 
medium 2 to be a conducting medium of inductive capacity K,’. Then (cf. 
§ 599) all the analysis which has been given in {§593—597 will still hold if 
we take K, to be a complex quantity given by 


,. 4? 
K,=K, Ae ‘pt Coe rece serereseneseerecese (574). 
Since K, is complex, it follows at once that V, is complex, being given by 
C2 
= 
Kops’ 
and hence that the angle @, is complex, being given (cf. equation (557)) by 
siete wall? Opes, kiln ays Kin 
sin? os Ve y= Ve eit 0, jae Desone (575). 
The value of wu is now given, from equation (562), by 
ae Ky pa cos? 
bz K, cos? 4, 
Kop 
arin sec? 0, — a - tan? Opgun Riceese ee, (576) 


(cf. equation (575)) for light polarised in the plane of incidence. For light 
polarised perpendicular to the plane of incidence, the value of w is found, as 
before, by interchanging electric and magnetic symbols. 
On putting u=a+78, we have, as before (equation (564)), 
Z" 1-u_1l-a-7 


Tm lee 1+a+78° 


If we put this fraction in the form pe‘x, then the reflected wave is 
given by 


ZH=Z" ciei(—vc0s9, +ysin 6, - Vit) — 7’ pe (-a cos 6,+-y sin 6, - Vz t+x), 


Comparing this with the incident wave, for which 
Z=Z etxi cos 0, +ysin - Vy 2) 


we see that there is a change of phase «,y at reflection, and the amplitude 
is changed in the ratio 1:p. The electric force in the refracted wave is 
accompanied by a system of currents, and these dissipate energy, so that 
the amplitude of the reflected wave must be less than that of the incident 
wave, 


We have pex = alee 
1+a+78’ 
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so that Je (1a) + el _ 
a p (ltayt fe Geese (577) 
shewing that p <1, as it ought to be. Also 
eae a ade Stell ees 
x= — tan™ > — tan arteries reer hey ee (578). 


603. Experimental determinations of the values of p and y have been 
obtained, but only for light incident normally, the first medium being air. 
For this reason we shall only carry on the analysis for the case of 92=0. It 
is now a matter of indifference whether the light is polarised in or at right 
angles to the plane of incidence; indeed it is easily verified that the values 
given for p and y by equations (577) and (578) are the same in either case. 


Taking for simplicity the analysis appropriate to light polarised in the 
plane of incidence, and putting 6=0, u,.=1, K,=1, we have from equation 
(576) 

_Ky_ Ki , dG 
Ma Me WPT Hy” 


uP 


and, since w=a+7, this gives 


area (579) 
nC? 
B= al Ra ben rRrRer tere, POR (580) 


604. Let us consider the results as applied to light of great wave-length, 
for which p is very small. For such values of p, a8 is clearly very large 
compared with a?— 6, so that a and # are nearly equal numerically, and we 
may suppose as an approximation that (cf. equation (580)) 


QarC? s 


=—B= Eb Uee SS 81). 
a=—B=/ (581) 
When a and £ are equal and large, equation (577) becomes 
ys 2 SEDs PTF 
pi oo 1-2 ines Sitter ed tity acre tA (582). 


Let us suppose that an incident beam has intensity denoted by 100, and 
that of this a beam of intensity R is reflected from the surface of the metal, 
while a beam of intensity 100—R enters the metal. Then & may be called 
the reflecting power of the metal. 

The intensity of the absorbed beam is 


100 — R= 100 (1 — p’) 


= PTH 
ANY yey eee ste Oi orate (588). 
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We notice that for waves of very great wave-length (p very small) & 
approximates to 100, so that for waves of very great wave-length all metals 
become perfect reflectors. This is 4s it should be, for these waves of very 
long period may ultimately be treated as slowly-changing electrostatic fields, 
and the electrons at the surface of the metal screen its interior from the 
effects of the electric disturbances falling upon it (cf. § 114). 

Equation (583) predicts the way in which 100— ought to increase 
as p increases, and an extremely important series of experiments have been. 
conducted by Hagen and Rubens* to test the truth of the formula for 
light of great wave-length. The following table will illustrate the results 
obtained +: 


100 — R for \=12n 


observed calculated 


Or 


Silver 

Copper 

Gold 

Platinum ... 
Nickel 

Steel 

Bismuth ... 3 
Patent Nickel P . 


? 


Constantin 
Rosse’s alloy 
Brande’s and Schiinemann’s alloy 


— 
CED INIT SC CIS ais 
BPE OOTMDOHE RAH OH 


In the calculated values, the value of K is assumed to be unity, and an 
error is of course introduced from the fact that the wave-length dealt with, 
X= 12u, although large is still finite. 


It will be seen that the agreement between the calculated and the 
observed values is surprisingly good, when allowance is made for the extreme 
difficulty of the experiments’ and for the roughness of some of the approxi- 
mations which have to be made. 


605. Hagen and Rubens also conducted experiments for light of 
wave-lengths »= 25°54, 8u, and 44. On comparing the whole series it is — 
found that the differences between observed and calculated values become 
progressively greater on passing to light of shorter wave-length. Drude has 
conducted a series of experiments on visible light, from which it appears that 
the simple theory so far given fails entirely to agree with observation for 
wave-lengths as short as those of visible light. 


* Annalen der Physik, 11, p. 873; Phil. Mag. 7, p. 157. 
+ Phil. Mag. 7, p. 168. 
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ELECTRON THEORY. 


606. We have now reached a stage in the development of electromagnetic 
theory in which it is clear that the simple conceptions which have so far been 
employed are no longer adequate to give a complete explanation of the 
phenomena. The conceptions on which the preceding analysis has been based 
have been the original conceptions of Maxwell’s theory: it is natural now to 
examine in what way the theory can be modified or improved by the intro- 
duction of the more modern conceptions of the electron theory. Instead of 
regarding a current as a continuous flow of electricity, we shall take definite 
account of the presence of electrons. We shall have to consider two sets 
of electrons, the “free” and “bound” electrons of § 345 a, these being the 
mechanisms respectively of conduction and of inductive capacity. 


The application of an electric force X will result in a motion of free 
electrons similar to that investigated in § 345 a, and in a motion of the 
bound electrons similar to that discussed in § 151. But if X is variable 
with the time, the inertia of the electrons will come into play and the 
resulting motions will be different from those given by Ohm’s law and 
Faraday’s law. We shall suppose that at any instant the current produced 
by the motion of the free electrons is us, and that that produced by the 
motion of the bound electrons is wp. 


607. We may consider first the evaluation of wy. Taking N to be the 
number of free electrons per unit volume, and allowing for change of notation, 
equation (c) of §345 a may be re-written in the form 


in which, as throughout this chapter, X is expressed in electrostatic units, 
while u, is in electromagnetic units, and 7’ stands for y/Ne’, so that +r’ becomes 
identical with the specific resistance 7 when the currents are steady. 


This equation is applicable to our present investigation if we suppose 
X to be periodic in the time of frequency p/27. Taking X= X,e”, the 
solution of equation (584) is 


The quantity 7’ here may depend on p, and without a full knowledge of the 
structure of matter it is impossible to decide how important the dependence 
of 7’ on p may be. We are therefore compelled to retain it as an unknown 
quantity in our equations, remembering that it becomes identical with + when 
p =0, and is probably numerically comparable with 7 for all values of p. 
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We may note that the real part of the current, corresponding’ to the force 
X =X, cos pt, is 


oe cos (pt — €) cose, 


in which tan e= Wee shewing that the inertia of the electrons, as repre- 
er 


sented in the last term of equation (584), results in a lag ¢ in the phase 
of the current, accompanied by a change in amplitude. The rate of generation 
of heat by the current uy, being equal to the average value of u-X,cos pt, 


) OX 2 C2X 2 
is found to be fi cos?¢ or 4 : *, where 
m? 2 
= 7 SCC? OS 1 mle ceccte ener ernvones 586 
Tp=T see=7 +75 (586) 


It is worth noticing that for light of short wave-length the last term in Ty 
may be more important than the first term 7’. Thus tp may be largest for 
good conductors, and smallest for bad conductors. ; 


608. We turn to the evaluation of uw, the current produced by the small 
excursions of the bound electrons, as they oscillate under the periodic electric 
forces. 


We shall regard a molecule (or atom), as in § 151, as a cluster of electrons, 
and these electrons will be supposed capable of performing small excursions 
about their positions of equilibrium. As has already been said (§192) it is 
probable that this conception of the structure of the molecule represents only 
a half-way house towards the truth, but it provides a picture or model of the 
structure with the help of which many properties may be explained. 


Let 6,, @,... be generalised coordinates (cf. § 548) determining the 
positions of the electrons in the molecule, these being chosen so as to be 
measured from the position of equilibrium. So long as we consider only 
small vibrations, the kinetic energy 7’ and the potential energy W of the 
molecule can be expressed in the forms 


2. WF 008 + 20,010.40 oe + oY Gesehyeeee (587), 

QTD AO Aa 2b26, Os ib20 2k ok ie (588), 
in which. the coefficients ay, Gy, Ax, ..., by, ... may be treated as constants. 
By a known algebraic process, new variables ¢,, de, ... can be found, such 


that equations (587), (588) when expressed in terms of these variables 
assume the forms 
2 = nih cube i) Meow, ape esi (589), 


OT’ Bide PO ead Ah eae, Sak (590), 


these equations involving only squares of the new coordinates bi; Oe Save 
The coordinates found in this way for any dynamical system are spoken of as 
the “principal coordinates” of the system. 
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The equation of motion of the molecule, when acted on by no external 
forces, is readily found to be (cf. equations (500)) 


Rubia.) Gal, p25)" Sock es ate (591). 


These equations are known to represent simply periodic changes in 
di, fa, -.. of frequencies m/27, n,/27,... given by 


& 


It is possible that we have evidence of the frequencies of molecular vibra- 
tion in certain of the lines of the spectrum emitted by the substance under 
consideration; if so equations (592) connect the frequencies of these spectral 
lines with the coefficients of the principal coordinates of the molecule. 


609. If the molecule is now supposed to vibrate under the influence of 
externally applied forces (such, for instance, as would occur during the 
passage of a wave of light through the medium), equation (591) must be 
replaced (cf. equation (508)) by 


Bhim SObEL DES coreditencetag ahiaeed (593), 


where ®, is that part of the “generalised force” corresponding to the 
coordinate ¢s, which originates in the externally applied forces. 


If X is the electromotive force in the wave of light at any instant, each 
electron will experience a force Xe, and there will be a contribution of the 
form ¢,Xe to P,. 


Again the electrostatic field created by the displacements of the electrons 
in the various neighbouring molecules will contribute a further term to ®,. 
The displacement of any electron through a distance & will produce the same 
field as the creation of a doublet of strength e& Thus if there are M 
molecules per unit volume, the total strength of the doublets per unit 
volume, say I’, may be supposed to be of the form 

T= Me (rds + yobs $200) covecccsceeteceedeces (594), 
and these will produce an electric intensity of which the average value may 
be taken to be (ef. § 145) «I, which must be added to the original intensity 
X of the wave. 

The total value of ®, is therefore ¢,¢ (X + «I’), so that on replacing a, by 
its value from equation (592), equation (593) becomes 

Ba (het M2bs) = See (X AKT) vecccecerevssveees (595). 

If we suppose X to depend on the time through the factor e'”, then 
@ will clearly depend on the time through the same factor, and we may 
replace ¢, by —p’$s. Equation (595) now becomes 

6e(X + «T) 
bs = SUL SPA aR ee a (596), 


552 The Electromagnetic Theory of Light [cH. XVII 


whence, by equation (594), 


T=Mes am (Kiekhy eieel wile (597), 
and if we write 
6= Mes ea hls OS (598), 
this gives, as the value of I’, 
he ee Cee ee ee (599). 


The current produced by the motion of the bound electrons is w% in 
electromagnetic, and therefore Cu, in electrostatic units. Its value in 


electrostatic units is also (cf. §345a) New or Le where the summation 


is taken through a unit volume, and this in turn is equal to I. Thus 
vat pe x. 
C 1-xndC 
The total current, expressed in electromagnetic units, is 


1df 
C di + Up + Uf. 


In calculating f we must remember that the polarisation produced by 
the motion of the bound electrons is already allowed for in the presence 
of the term vw. We accordingly take f equal simply to X/4, and on 
further replacing uw and uy by the values found for them, the total current 
becomes 


ipX (, , 40 ox 
4C (a 3) + png waalele aivseloue's Saari (600). 
Ve? 


In place of equation (569), the equation of propagation is 


ne (ve 4a 0 4arp df 
ie @(1 +729) +—— re ie 
ip) 


up (* 3P Ve 
As in § 600, the solution is 


re Mal ak: Rgds RA TOE Seok Gish (601), 
where (q+tiuy=— He (a + mee ) + Salis, (602) 
(A noe eee arr : 

ote Ve? 


Non-conducting media. 


610. For a non-conducting medium 7’= 00, so that the last term in 
equation (602) vanishes, and the right-hand member becomes wholly real. 
For certain values of @, this right-hand member is negative, so that q=0, 
shewing that light is transmitted without diminution; the medium is 
perfectly transparent. 
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For transparent media we may take «= 1, and the velocity of propagation 
V is given by 
gee eet AarO 
tipo} +r): 
If v is the refractive index of the medium, as compared with that of a 
vacuum, V=O(/v, so that 


4a 0 
2 = 

v l+7—3 We, Wc anenems Fae. Coro, (608), 

whence pane «0 = MS —* (604) 
aa: rier ahucatcs cal hare : 

. : 4urr Cnyss 
in which a= ak c= aa, so that a and c, are constants. 

$ 


Clearly (cf. § 609) the value of a can be calculated if we make 
assumptions as to the arrangement of the molecules in the medium. On 
assuming that the molecules are regularly arranged in cubical piling, « is 
found to have the value $7, so that a becomes equal to 2. 


Formula (604) in which a is neglected altogether becomes exactly identical 
with the well-known Sellmeyer or Ketteler-Helmholtz formula for the 
dispersion of light, of which the accuracy is known to be very considerable. 
If a is put equal to 2, the formula becomes identical with dispersion formulae 
which have been suggested by Larmor and Lorentz. 


It has been shewn by Maclaurin* that formula (604) will give results in 
almost perfect agreement with experiment, at least for certain solids, if a is 
treated as an adjustable constant. The agreement of the formula is so very 
good that little doubt can be felt that it is founded on a true basis. Mac- 
laurin finds for a values widely different from 2 (for rocksalt a=5'51, for 
fluorite a= 1:04), the differences between these numbers and 2 pointing 
perhaps to the crystalline arrangement of the molecules. For liquids and 
gases we should expect to find a equal to 2. 


Since JM is proportional to p, the density of the substance, formula (604) 
v—Il 
+a 
with a taken equal to 2, was announced by H. A. Lorentz+ of Leyden and 
L. Lorenzt of Copenhagen in 1880. Its truth has been verified by various 
observers, and, in particular, by Magri§ for a large range of densities of air. 


p— 


indicates that ought to vary directly as p when p varies. This law, 


1 4 

am, for a mixture 
Vv 

yi—l 
v+a 


From equation (604) it also follows that the values of 


for its 


of liquids or gases ought to be equal to the sum of the values of 


* Proc. Roy. Soc. A, 81, p. 367 (1908). + Wied. Ann. 9, p. 641 (1880). 
t Wied. Ann. 11, p. 70 (1880). § Phys. Zeitschrift, 6, p. 629 (1905). 
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ingredients, a law which is also found to agree closely with observation on 
taking a= 2. 


611. For certain other values of 0, the right hand of equation (602) (in 
which 7’ is taken infinite) is found to be real and positive. We now have r=0 
and the solution (601) becomes 

ieee CH ee Mav cntiracase eran rese ooneeeee (605), 


shewing that there is no wave-motion proper, but simply extinction of the 
light. Thus there are certain ranges of values of p (namely those which make 
(¢+tr)® positive in equation (601)) for which light cannot be transmitted 
at all; these must represent absorption bands in the spectrum of the sub- 
stance. 


Clearly (¢+%r)? becomes positive when @ is large and negative. It will 
be noticed that 6, as given by equation (598), becomes infinite when p has 
any of the values m, m., .... changing from —o to +0 as p passes through 
these values. Thus the absorption bands will occur close to the frequencies 
of the natural vibrations of the molecule. But just in these regions we have 
to consider certain new physical agencies which cannot legitimately be 
neglected when p has values near to m4, 3, ..., although probably negligible 
in other regions of the spectrum. 


612. Equation (593) is not strictly true with the value we have assigned 
to ®,. For, in the first place the vibrations represented by the changes in ¢, 
are subject to dissipation on account of the radiation of light, and of this no 
account has been taken. In the second place there must be sudden forces 
acting in liquids and gases occasioned by molecular impacts and requiring the 
addition of terms to ®, throughout the short periods of these impacts. There _ 
must be analogous changes to be considered in the case of a solid, although 
our ignorance of the processes of molecular motion in a solid makes it im- 
possible to specify them with any precision. 


The effect of these agencies must be to throw the ¢,’s of the different 
molecules out of phase with one another and also out of phase with X and I. 
The analysis of § 609 has made the ratios of X : I: ¢, wholly real (cf. equa- 
tions (596) and (597)), indicating that X, I’ and @¢, are exactly in the same 
phase. The considerations just brought forward shew that these ratios ought » 
also to contain small imaginary parts. 


The process of separating real and imaginary parts in equation (602) now 
becomes much more complicated, but it. will be obvious that for all values of 
p, both g and r will have some value different from zero. Thus there is 
always some extinction of light and some transmission, for all values of p, and 
there is no longer the sudden change from total extinction to perfect trans- 
mission, The edges of the absorption band become gradual and not sharp. 
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But the molecular model now in use probably does not represent the details 
of molecular action with sufficient truthfulness to make it worth trying to 
represent the conditions now under discussion in exact analysis. 


Conducting media. 
613. For a conducting medium we retain rt in equation (602), and on 
equating imaginary parts we obtain, in place of equation (572) of § 600, 


ae Qerpyr’ _ 2rup 


where Tp is given by equation (586). Thus equation (573) of § 600 becomes 
replaced by 


For visible light this gives a very much smaller value of gq than that 
discussed in § 600, and the value of g will obviously be still further modified 
by the considerations mentioned in § 612. 


614. On comparing the total current, as given by formula (600), with the 


value sa assigned to it in the analysis of §§ 594—598, we see that all 


this earlier analysis will apply to the present problem if we suppose K to be 
a complex quantity given by 


Ee etter (608), 
ip (+775) 
where v is given by formula (603). 
If, as in § 608, we put 
ut=— = (a+ 18), 


we find ‘i 
2 
pg ee | 
i Ph teeth ed tee A (609), 
QC? 
ae =—-—— 
PT ype 


so that the reflecting power R of a metal may be calculated from equation 
(577) in terms of Tp. 


615. On comparing formulae (609) with experiment, the general result 
appears to emerge, that, in order to account for the optical properties of 
conductors in this way, the number of free electrons in conductors must be 
comparable with the number of atoms. According to a paper by Schuster, 


556 The Electromagnetic Theory of Inght |cH. XVI 


published in 1904*, the ratio of the number of free electrons to atoms ought 
to range from 1 to 8 in various substances; Nicholson f, as the result of a more 
elaborate investigation, obtains values for this ratio ranging from 2 to 7. 


This result discloses a difficulty from which the electron theory, in the 
form in which we have so far considered it, has shewn little power of extri- 
cating itself. 


Specific Heats and Electrical Conductivity. 


616. According to the well-known law of Dulong and Petit the atomic 
heats of a large number of elements have values which are approximately all 
equal. Nernst and Lindemann have recently determined the specific heats of 
a large number of elements, and have found that, for all the elements they 
have examined, the atomic heats measured for constant volume (1.e. after 
correction for expansion arising out of change of temperature) have all the 
same value 5°95. Now the atomic heat represents the increase per unit rise 
of temperature in the energy of the solid measured per atom of its structure. 
This energy can be regarded as the sum of two contributions, namely the 
energy of the atoms and the energy of the free electrons. The energy of the 
atoms can be calculated by the well-known methods of the Kinetic Theory of 
matter, and it is found that this energy will provide a contribution to the 
atomic heat equal exactly to the total amount of the atomic heat, namely 
5°95; in other words the contribution from the energy of the free electrons is 
as small as the experimental error. But the contribution from a given number 
of free electrons also admits of theoretical calculation if we make the assump- 
tion that their motion conforms to the ordinary dynamical laws. If there 
were as many free electrons as one-tenth of the number of atoms, the contri- 
bution to the atomic heat would be ‘30, so that the total atomic heat would _ 
be 6:25, a number much too large to be reconciled with the experiments of 
Nernst and Lindemann. 


617. The foregoing figures refer only to matter at comparatively high 
temperatures. The specific heats of the elements have however been deter- 
mined by Nernst and Lindemann through a very wide range of temperatures, 
namely from normal temperatures down to the lowest temperatures now 
available in the laboratory. And it has recently been shewn by Debye that 
the atomic heats found by these experiments are, at all temperatures, almost 
exactly equal to those to be expected on theoretical grounds on the supposition 
that the free electrons contribute nothing to the specific heat. The observed 
atomic heats agree so well with those calculated from theory, for all substances 
examined and at all temperatures available, that the conclusion seems to be 
inevitable that the number of free electrons is very small compared with the 
number of atoms. 


* Phil. Mag. February 1904, + Phil. Mag. Aug. 1911, 
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618. Thus we are led to the conclusion that although the present electron 
theory may shew a certain power of explaining the optical properties of 
metals, qualitatively at least, yet this explanation demands the presence of 
a far greater number of free electrons than can be reconciled with the values 
of the specific heats. 


If the present electron theory were in other respects satisfactory, the 
difficulty just revealed might be thought to constitute a serious defect in the 
electromagnetic theory of light. But the present electron theory is far from 
satisfactory in other respects; indeed a difficulty very similar to that just 
disclosed has been found to arise in connection with a much simpler pheno- 
menon, namely the conductivity of metals. We have seen (§ 345 a) that the 
electron theory requires that in a good conductor the number of free electrons 
should be large; approximately how large it must be is a matter which can 
also be determined by further analysis. The requisite analysis has been 
given by Drude. 


619. We may suppose, as a rough approximation to the truth, that in a 
conduetor each free electron moves freely for a certain length of time ¢ 
between two consecutive collisions with molecules. In the notation already 
used in § 345 a, the momentum gained in this time will be Xet. If we 
suppose this momentum to be entirely checked at each collision (cf. §§ 355, 
373), the average forward momentum of all the electrons at any instant will 
be 4Xet, and since this is equal to mu in the notation of § 345 a, we have 


1 Xe 
U= ) Pr Ge Pte Oe cots: twins wis aelslnre Meee ot ee (610), 
and hence (by equation (b), § 345 a) 
: 1Ne 
i= New=5—-tX Fc seeade ss ores aeeoee te (611). 


Thus the quantity y of § 345 a is, as regards order of magnitude at least, 


equal to a , and the specific resistance 7 of a substance will be given by 
1 1Née 
EEN OVE OS fh da Noe eee? Nees eee 612), 
: - or 


where WV is the number of free electrons per cubic centimetre. Now for silver 
or copper r=1°6 x 10-* ohms=1°8 x 10-* in electrostatic units. The value of 
ae in electrostatic units is 1°26 x 10%, and hence to give to 7 the value 
m 
appropriate for silver or copper we must have Nt=5 x 10° approximately. In 
silver or copper the number of atoms per cubic centimetre is of the order of 
10%, so that if the observed values of the specific heats do not allow of V being 
more than one-hundredth part of this we must at most suppose that WV is of 
the order of 10%, and this requires ¢ to be comparable with 5 x 10~™ at least. 
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Since the average velocity of the free electrons is believed to be about 10’ cms. 
per second (§ 345 a), this would require each electron to travel an average 
distance of 5x 10-* cms. between consecutive violent collisions. This appears 
to be too large to be reconciled with present beliefs as to the structure of 
matter. 


The difficulty becomes much worse when we consider the phenomenon at 
low temperatures. Kamerlingh Onnes has found for silver at a temperature 
of 13°88” abs. a resistance only equal to 0°7 per cent. of that at 0° C. Thus in 
silver at this low temperature we must have Wé of the order of 10”, so that if 
we take V = 10” as above, t=10-. This velocity of free electrons at this low 
temperature is of the order of 2 x 10%, so that the average distance travelled 
would be about 34, cm. 


620. We have now found that contradictions exist in connection with 
the Electromagnetic Theory of Light, the theory of Specific Heats of metals, 
and the theory of Electric Conductivity, so long as we treat these questions 
in terms of ordinary dynamical laws and Maxwell’s electromagnetic equations. 
A large accumulation of evidence, of which our discussion has touched only on 
a small fringe, suggests that a new system of dynamics and a new electron 
theory is needed. So far as can be seen the special feature of this new theory 
must be that the interaction between electrons and radiation is of an entirely 
different nature from that imagined by the classical laws. The new theory is 
in existence and is generally known as the Quantum-theory. A brief intro- 
duction to it will be found in the last chapter of the present book. 


CHAPTER XIX 


* THE MOTION OF ELECTRONS 
GENERAL EQUATIONS. 


621. THE motion of an electron or other electric charge gives rise to 
a system of displacement currents, which in turn produce a magnetic field. 
The changes in this magnetic field give rise to new electric forces, and so on. 
Thus the motion of electrons or other charges is accompanied by magnetic 
and electric fields, mutually interacting. To examine the nature and effects 
of these fields is the object of the present chapter. 


The necessary equations have already been obtained in § 574, but the 
current u, v, w will now be regarded as produced by the motion of charged 
bodies. If at any point 2, y, z there is a volume density p of electricity 
moving with a velocity of components JU, V, Ww, then the current at a, y, z has 
components pU, pV, pW in electrostatic units. Since w, v, w in equations (529) 
are measured in electromagnetic units, they must be replaced by pu/C, pv/C, 
pw/C, and the equations become 


4 d oy a 
a (pu + o) ae e, CECE ehiastes bate aust (618). 
Equations (528), namely 
. da 04 OY 
BC.dteaayis A 9 ete Code ere cccersssessnee (614), 


remain unaltered, and the two sets of equations (613) and (614) provide the 
material for our present discussion. 

When we had these same equations under review in § 574, O was regarded 
merely as the ratio of the units. We may now regard Cas being the velocity 
of light, this being also the velocity of any other electromagnetic disturbance 
in free space. 


622. If we differentiate equations (613) with respect to a, y, z and add, 
we obtain Far tas , 
2 (pute (er) +5 (pw) = -£(z yt 5) 
We have ah as an equation of continuity, expressing that the increase 
in p in any small element is accounted for by the flow of electricity across the 
faces by which the element is bounded, 


a a a dp_ 
ap PU) +5, (OY) +5, (Pw) + 7 ee 
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By comparison with the equation just obtained, we have 


g é +29 =) mee 
dt\0a oy oz) dt’ 
of which the integral is our former equation (63), namely 
of , dg , oh | 
ze a ay bat ee 
Similarly, on differentiating equations (614) with respect to a, y, 2 and 
adding, we obtain 


dt \an * dy * de 


of which the integral is our former equation (862), namely 


5 (@ ab ec) 0, 


623. At a point at which there is no electric charge (9p =0), equations 
(613) and (614) become identical with the systems of equations (A) and (B) 
of § 577, and the quantities X, Y, Z, a, 8, y must all satisfy the differential 
equation (534), namely 


ForcE oF A MovING ELECTRON. 


624. Consider afresh the problem of which a preliminary discussion has 
already been given in § 572, of a single electron moving with a velocity v 
parallel to Ox. Since the field necessarily moves with the electron, the rate 
of change of any quantity y as we follow it in its motion must be nil. Thus 


we must have 
d 0 
(Gt 5q) x= 


so that : may be replaced by — ae throughout our equations. 


Equation (617) becomes 


ox Oy , By, ay 
2 = 
oases ie ay? * mae 


or, since a? = 07/Ky, 


Kyu ey Oy 0 
(1- 8 ) at aa a0 CMR) Ae ee (618). 


Also equations (618), (614) assume the forms 


sy ~if) 1 38 
C Pp ag ~ Oy Ae aie \0\6 slots wieleielere'e siete (ere 
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625. In most problems, the velocity of motion v is small compared with 
the velocity of light, so that uv/C may be treated as a small quantity. 
Equation (619) shews that the magnetic field set up by a moving charge may 
be regarded as small if v/C is small. The same is of course true of the field 
set up by any number of moving charges provided all their velocities are 
small compared with that of light. 


When U/C is small, equation (620) shews that 


will be a small quantity of the second order. Let us suppose, until the con- 
trary is stated, that u/C is so small for each moving charge that u?/C? may 
legitimately be neglected. Then 


04 OY 
ay = Ae. = 0, etc., 
so that the forces X, Y, Z are derivable from a potential O. When v?/C? is 
neglected equation (618) reduces to V’y=0. This equation is satisfied by 
X, Y, Z separately, and therefore also by ©. Since X, Y, Z also satisfy 
equation (615), or 
aX , oY , 22 
Oz Oy dz 
it is clear that the values of X, Y, Z are exactly the same as if the moving 
charge were instantaneously at rest. 


= 4p, 


626. This is exactly the assumption we made in § 572 in calculating the 
magnetic force from a moving charge. The forces there calculated, namely 


ean ete Ney SNe an, SER aay (621), 


are now seen to be accurate provided v?/C? may be neglected, but not 
otherwise. 


Tue FORCE ACTING ON A MovING ELECTRON. 


627. The assumption we have made that u/C is small is the same as 
assuming to a first approximation that C' is so great that the medium may be 
supposed to adjust itself instantaneously to changes occurring in it, just as 
an incompressible fluid would do. The time taken for action to pass from 
one point to another may be neglected. We may accordingly assume that at 
any instant the mechanical actions of any two parts of the field upon one 
another are such that action and reaction are equal and opposite. 


Ab 36 
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From equations (621), it appears that an electron moving with velocity 
uv, 0, 0 at the origin will exert a force of components 

veme ve my 
Tr ee 
upon a magnetic pole of strength m ata, y, 2. It follows that a magnetic 
pole of strength m at a, y, 2 will exert a force of components 


0, 


veme _ ve my 29 
0, ee Ae ce eeeseeeeeseneseceseenan (622) 


upon the moving electron at the origin. 


628. If we have a number of magnetic poles, the resultant force upon 
the moving electron has components 


UG nes eo © see. 
0, GA G =a pints Lae eee (623) 


and the components of magnetic force at the origin are given by (cf. § 408) 


es ee ete. 


Thus the force on the moving electron may be put in the form 


Ue ve 
0, eal C nh) ree B Chee root rere cece erveseeane (624). 


Plainly the force on the electron will be given by formulae (624), whether 
the magnetic field arises from poles of permanent magnetism or not. It is 
clearly a force at right angles both to the direction of motion of the electron, 
and to the magnetic force a, 8, y at the point. If H is the resultant magnetic 
force, and @ the angle between the directions of H and the axis of a, then 
the resultant of the mechanical force is veH sin @/C. 


629. If the electron has components of velocity v, v, w, the component 
of the mechanical force on it will be 


GOV BW), Flaw — yd), F(BU-AaP)esreerseen (625). 


Since the mechanical force is always perpendicular to the direction of 
motion, it does no work on the moving particle; and, in particular, if a 
charged particle moves freely in a magnetic field, its velocity remains con- 
stant. 


The existence of this force explains the mechanism by which an induced current is set 
up in a wire moved across magnetic lines of force. The force (625) has its direction along 
the wire and so sets each electron into motion, producing a current proportional jointly to 
the velocity and strength of the field—z.e. to dV/dt. 
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The “Hall Effect.” 


630. Very direct evidence of the existence of this force is provided by 
the “Hall Effect.” Hall* found that when a metallic conductor conveying 
a current is placed in a magnetic field, the lines of flow rearrange themselves 
as they would under a superposed electromotive force at right angles both 
to the direction of the current and of the magnetic field. The same effect 
has also been detected in electrolytes and in gases. - 


The Hall Effect is of interest as exhibiting a definite point of divergence 
between Maxwell’s original theory and the modern electron theory. Accord- 
ing to Maxwell’s theory, a magnetic field could act only on the material 
conductor conveying a current, and not on the current itself, so that if the 
conductor was held at rest the lines of flow ought to remain unalteredt. 
The electron theory, confirmed by the experimental evidence of the Hall 
Effect, shews that this is not so; and that the lines of flow must be altered 
in the presence of a transverse magnetic field. 


Motion of a charged particle in a uniform magnetic field. 


631. Let a particle of charge e move freely in a uniform magnetic field 
of intensity H. Let its velocity be resolved into a component A parallel to 
the lines of force, and a component B in the plane perpendicular to them. 
By what has just been said (§ 629) both A and B must remain constant 
throughout the motion, and there will be a force eH B/C acting on the particle 
in a direction perpendicular to that of B, and in the plane perpendicular to 
the lines of force. Thus if m is the mass of the particle, its acceleration must 
be eH B/mC in this same direction. 


Considering only the motion in a plane perpendicular to the lines of force, 
we have a velocity B and an acceleration eHB/mC perpendicular to it. This 
latter must be equal to B?/p, where p is the curvature of the path. Thus 

BmC 
ee as oe 

Combining this circular motion with the motion parallel to the lines of 
force we find that the complete orbit is a circular helix, of radius BmC/eH, 
described about one of the lines of magnetic force as axis. 


a constant, shewing that the motion in question is circular. 


632. By measuring the curvature of an orbit described in this manner, 
it is found possible to determine e/m experimentally for electrons and other 
charged particles (cf. § 665 below). Incidentally the fact that curvature is 
observed at all provides experimental confirmation of the existence of the 
force acting on a moving electron. 

* Phil. Mag. 9 (1880), p. 225. 
+ Maxwell, Electricity and Magnetism, § 501. 
36—2 
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The Zeeman Effect. 


633. When a source of light emitting a line-spectrum is placed in a 
strong magnetic field, the lines of the spectrum are observed to undergo 
certain striking modifications. The simplest form assumed by the pheno- 
menon is as follows. 

If the light is examined in a direction parallel to the lines of magnetic 
force, each of the spectral lines appears split into two lines, on opposite sides 
of, and equidistant from, the position of the original line, and the light of 
these two lines is found to be circularly polarised, the direction of polarisation 
being different for the two. 

If the light is examined across the lines of force, these same two lines 
appear, accompanied now by a line at the original position of the line, so 
that the original line now appears split into three. The side lines are 
observed to be plane polarised in a plane through the line of sight and the 
lines of force, while the middle line is plane polarised in a plane perpendicular 
to the lines of force. 


634. These various phenomena were observed by Zeeman in 1896, and 
an explanation in terms of the electron theory was at once suggested by 
Lorentz. 

Let us first examine a simple artificial case in which the spectrum contains 
one line only, assumed to be produced by the oscillations of a single electron 
about a position of equilibrium. 


If the frequency of this oscillation is p/27, the equations of motion of the 
electron must be of the form 


in which a, y, 2 are the coordinates of the electron referred to its position 0 of 
equilibrium. 

Next suppose the electron to move in a field of force of intensity H 
parallel to the axis of # In addition to the force of restitution of components 
—mp*x, —mp*y, — mp*z, the electron will be acted on by a force (cf. formulae 


(625)) of components 
eH dz eH dy 


Tdi, WO. ae 


In place of the former equations, the equations of motion are now 


0, 


et Da 5 
ie 
d?y eH dz 

Mig = — mp Sy ge a Ae (627) 
dz ell dy 

TGR tk AAS OR at 
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The solutions of these equations are 
x= A cos (pt — e), 
y = A, cos (qt — ¢,) + A, cos (ot — €), 
z= A,sin (qt — ¢,) +A, sin (dat — &), 
in which A, ‘A,, Ag; €, &, & are constants, and h> % are the roots of 


— mq? = — mp? + oT Sasisence se Sessa deme (628). 


For even the strongest fields which are available in the laboratory, the 
value of the last term in this equation is small compared with that of the 
‘other terms, so that the solution of equation (628) may be taken to be 


The original vibrations of the electron, all of frequency p, may now be 
replaced by the three following vibrations: 


I. x=Acos(pt—e), y=0, z=0. 


I #=0, y= A, cos |(v+ 5) ta], z= Arsin| (p+) #— a]. 


H ; H 
II. «=0, y=<A, cos ( - Fa) #4: z= —A,sin| ( To 


Vibration I of frequency p is a linear motion of the electron parallel 
to Ox, the direction of the lines of magnetic force. The magnetic force in 
the emitted radiation is accordingly always parallel to the plane of yz and 
vanishes immediately behind and in front of the electron (cf. § 618). Thus 
there is no radiation emitted in the direction of the axis of z, and the 
radiation emitted in the plane of yz will be polarised (§ 592) in this plane. 


Vibrations II and III represent circular motions in the plane of yz of 
eH 
2mC" 
be circularly polarised, while that emitted in the plane of yz will be plane 
polarised in a plane through the line Ow and the line of sight (the motion 
along the line of sight sending no radiation in this direction). Thus the 
observed appearances are accounted for. 


frequencies p + Clearly the radiation emitted along the axis of « will 


635. The analysis just given explains the observed facts of the normal 
Zeeman Effect, but only in terms of a model which is known not to be in 
accordance with the actual facts of atomic structure. As was pointed out by 
Larmor, the explanation just given can be easily generalised so that the atomic 
model shall at least accord better with the facts of nature than that we have 
just had under discussion. 
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If an electron is moving in a field of magnetic force of intensity H parallel 
to the axis of a, its equations of motion will be 


dx 
Dee 
d? eH dz 
m de = die Te) Fi ole. 448.0 sierefale'yre oolele\o ofe'e, 0) 076 (629), 
d?z eH dy 
ae" O dt 


where F,, F',, F, are the components of the force which acts on the electron 
apart from the superimposed magnetic field H. These equations of course 
contain equations (627) as a special case. 


If x, y, 2 were coordinates measured with reference to a system of axes 
rotating with uniform angular velocity w about the axis of « in the direction 
from Oy to Oz, the component of the velocity of the point 2, y, z in space 
would be given by 


ae 
Pat 
d 
v= — we Sus Sdbev chaste eRe neem (630), 
dz 
poker md: | 


and the accelerations in space by 


Dv _dv, ow, ov ov dy dz 
Digs die aa te dod ee Ge ee (631), 


and similar equations. 


When the angular velocity is so small that w* may be neglected, the 
system of accelerations, as given by equations such as (631), reduce to 


Du _de 

Dit dé 

Dv _ dy 9 dz 

De ge eet (632). 


Dw _ dz dy 
Delocdeey  vdls 


Thus if @ is defined by the equation 
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the equations of motion (629) of the electron in the superimposed magnetic 
field become 


D 
m= Fx, 
Dv 
aire? 

i) 
mara Fe, 


which would be precisely the equations of motion of the electron referred to 
axes at rest with the magnetic field non-existent. Thus the superposition 
of the magnetic field parallel to the axis of # is seen to have had precisely the 
same effect on electronic motion as the setting of the axes in rotation with 
an angular velocity w defined by equation (633). 


Before the magnetic field is superposed, let the electron describe a path 
such that when its coordinates are resolved into simple-harmonic terms by 
Fourier’s theorem, one of the constituent simple-harmonic vibrations is of 
the form 

c=0, y=A,cos(pt—«), z=A,sin(pt—4«). 


Assume that one of the lines in the spectrum of the atom when in its natural 
state corresponds to a frequency p/27. The superposition of a magnetic 
field has the same effect on the coordinates 2, y, z as the setting of the axes 
in rotation with an angular velocity w, so that when this field is superposed 
the coordinates of the electron may be taken to be 


z=0, y=A,cos[(p+o)t—e], z=A,sin[(pt+o)t— a]. 


It is at once seen that the vibration is identical in general type with the 
vibration II that we found in § 634, so that the discussion of the polarisation 
and change of frequency there given will apply to the present case also. 


636. The discussion of the last section is applicable to any electron 
describing an orbit such that its motion can be resolved into oscillations of 
definite frequencies. It shews that each spectral line ought in general to be 
resolved into a triplet of three equidistant lines, a line initially at p giving 
place to lines at p + dp where 


This represents what is normally observed, and a formation of triplets of 
this type is commonly spoken of as the normal Zeeman Effect. Certain lines 
separate out in a more complex way in the presence of a magnetic field, these 
lines having generally appeared as multiple lines (doublets, triplets, etc.) even 
before the magnetic field was turned on. This is known as the complex or 
abnormal Zeeman Effect, and is not covered by our simple theory. 
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In the normal Zeeman Effect, the frequency difference, predicted by 
equation (634), is constant for all the lines of the spectrum. Observationally 
this is found to be the case, and equation (634) makes it possible to determine 
a value of e/m from the observed separation of spectral lines in a magnetic 
field of known strength. The value so obtained proves to be in good agree- 
ment with values for e/m measured by other and more direct methods 


THE GENERAL EQUATIONS OF Movina ELECTRONS. 


637. We now return to the general equations of §621, namely 


4m Uf) _ey_ 28 
Oo (pu + a) ae ae? Si a(elelie.eisielaisiaisisielersie (635), 
lda 02 oY 
— ai di = ay — ni ACLS Wenoceanedeaoeiondase (636), 


and discuss the field set up by the motion of electric charges when there is 
no restriction as to the smallness of their velocities. 


On multiplying both sides of equation (635) by » and differentiating with 
respect to the time, we obtain 


Acar a df de 0b 
C di (pu+ a)> di (55 - 53) 
Using relations (636) we readily find that the right-hand member 
a /oY eX oO fex of 
ene ihe (eee ee ee ees 
Re a) dz & 5a) | 


0 (aX oY a 
— v3 eae Oh etd es: aes 
o| = ge ae * ay * oe) | 


Putting 47 f=KX a and +5 + So ep, this becomes 
Kw PX 4rd 4a a 
Vere eee Sees, are 
mene Ry, mara er aac err 


638. This is the differential equation satisfied by X. Similar equations © 
are of course satisfied by Y and Z. If we divide both sides of equation (636) 
by w and differentiate with respect to the time, we readily find that a satisfies 
the differential equation 


poe GP 4g 4urr 
Tene (em) —s(0r) |. 


We shall shortly obtain these differential equations in another way. 
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Introduction of the Potentials. 
639. With equations (636) we may combine the relation 


(equation (616)), and‘it follows, as in § 443, that we can find a vector-potential 
of components F’, G, H connected with a, b, c by the relations’ 


OLNY OG 
a= @iber’ CEL On ISR OE PaC O REIGNS oe oe (638), 
and with X, Y, Z by the relations (cf. § 580) 
Lay, dv 
7 ale rales Dap? OG vrentereeeseneeeseeseens (639), 


in which Y is a function, at present undetermined in the general case, which 
becomes identical with the electrostatic potential when there is no motion. 


640. We have seen (§ 442) that equations (638) are not adequate to 
determine F, G, H SESS and hence Y also (cf. equation (639)) is not 
fully determined. 


Let Fy, G, H,, Wy be any special set of values satisfying equations (638) 
and (639). Then the most general values of F, G, H are given by (cf. § 442) 


a Ox 
Fm Fy t oX, ct. essecsssssseetesrssetsenes (640), 


where y is any arbitrary single-valued function. 
To find the most general value of V, we have from equation (639) 
ow Pais OX\ oe kL ON 

=f X tala tach) = da * Camot? 


so that, on integration, 


lox 
v=V,- att A COUSEAUE accuracies aanoen oh (641). 


From (640) and (641) we obtain 


Gs 0G 0H , KuoV_oF, , 0G, , aH Kuo , ® 
+a tat OC @ ae | oy 0° C a & oF 


re (642). 
The function x is entirely at our disposal, so that 
Kp oe? 
Vx Or ae 


may have any value we please to assign to it. Let us agree to give to y such 
a value, for every instant of time and all values of a, y, Z, as shall make the 
right-hand member of equation (642) vanish. 
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The value of y is now fixed, except for a set of values of y such that 
aN 

oa ae ox 0 

at every instant and point, these values of y representing of course contribu- 

tions that might arise from a set of disturbances propagated through the 

medium from outside. 

Except for such additional values of y, the values of F, G, H, V are now 
uniquely determined by equations (640) and (641). The vector-potential 
will in future mean the special vector of which these values of F, G, H are 
the components, while the corresponding special value of VY will be called the 
“Electric Potential.” 

From equation (642) it follows that the vector-potential and the electric 
potential are connected by the relation 

oF 0G cH Kyov 


ip agg = Goo Dp cette 


V2 


Differential Equations satisfied by the Potentials. 


641. If we differentiate equations (639) with eae to a, y, 2 and add, 


we obtain 


(Ef) ob CEe oi) 


Oa - oy 
which, on substituting from equations (643) and (639), becomes 


the differential equation satisfied by WV. We notice that for a steady field it 
becomes identical with Poisson’s equation, while in regions in which there are 
no charges it becomes identical with the equation of wave-propagation. 


642. To obtain the differential equation satisfied by F, we transform 
equation (635) by the use of equations (638). We have 


au o+ if) - ac ab 


C dt/ oy Oz 
= iy (ie ~ Sy) ~ aa (ae — de) 
¥ x (G s a fi Aa ve 
whence, from equations (643) and (639), 
Wo gemee onl Sale Be EE (645), 


the differential equation satisfied by F. Similar equations are of course 
satisfied by G and H. 
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Differential Equations satisfied by the Forces. 


643. Operating on equation (639) with the operator Vie we 
have 
Kp Px 1d KyudF\ 0 Kudv 
2 pa ee ar eae Se ee ee ee 
XS OME TOa ta 0 da) ooo ia aay 
_4mpd Ar 0 
ra (PU) gra Site rerhe certs (646). 


This is the differential equation tare by X, and similar equations are 
satisfied by Y and Z. These same equations were obtained by a more direct 
method in § 687. 


644. For the differential equation satisfied by a, 8, y we have, from 
equations (638) and (645), 


Kuda 1 Kp @\ (2H 3G 
Wim saa a (StF an) ca — ae 
_ 4m (0(pwW) (pv) 
xi 01 - } pen ks Fie (647), 


and similar equations for 8 and y. These equations agree with those already 
obtained in § 638. 


Solution of the Differential Equations. 


645. It will be seen that all the differential equations are of the same 
general form, namely 


where o arises from electric charges, at rest or in motion. 


Clearly the value of y may be regarded as the sum of contributions from 
the values of co in the different small elements of volume. The simplest 
solution for y is that arising from a distribution of o at and close to the 
origin, being zero everywhere else. 

For this special solution y is a function of r only, which must satisfy 
1 dy 
Ing = — ——& 
v x a’? diz ° 
everywhere except at the origin. Proceeding as in § 578, and rejecting the 
term which represents convergent waves, as having no physical importance, 
we obtain the solution (cf. equation (536)) 


where f is so far a perfectly arbitrary function. 
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Close to the origin, this reduces to 


and it now appears that in equation (648) the middle term becomes insig- 
nificant near the origin in comparison with the first term V?y. Thus close 
to the origin the equation becomes identical with Poisson’s equation, and the 


integral is 
[[Jedwdyde 5 
N= Se tye nae 


1 


where the integral is taken only through the element of volume at the origin 
in which o exists, and 7 represents the integral of o taken through this 
element of volume. 

On comparing solutions (650) and (651), both of which are true near the 
origin, we find that ' 

FACE) SET haoaee Seton MANE poy iene ee (652), 
and this determines the function f completely. The general solution (649) 
is now fully known, and by summation of such solutions the general solution 
of equation (648) is obtained. 

Let P, Q be any points distant r apart; let ¢ be any instant of time, and 
let t, denote the instant of time r/a previous to it, so that t=t—r/a. 
Clearly ¢, is the instant. of departure from P of a disturbance reaching Q at t. 
We may speak of t as the “retarded time” at P corresponding to the time 
tat Q. 

With this meaning assigned to t,, we have 


JR e2) -f{- i. (:-2)} =f (— at) =7, 


where 7 is evaluated at time ¢, (cf. equation (652)). If we agree to denote 
by [#] the value of ¢ estimated at the retarded time at the point at which 
occurs, then this value of 7 will be expressed by [7], and solution (649) 
becomes 


13 


The most general solution of equation (648), obtained by the summation 
of solutions such as (658), is 


x= || Me (654), 


the last form applying when the distribution of ¢ occurs only at points or in 
small regions so small that the variations of the retardation of time through 
each region are negligible. 


The analogy of Poisson’s equation and its solution in electrostatics (ef. 
§§ 49, 40, 41) is obvious. 
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646. From equations (644) and (645) it follows that the potentials are 


given by 
i dadydz 
v= ||) oe Side iat yaaa (658), 


P=5 | | lenieesee STE poole RO (656). 


These potentials are commonly spoken of as “Retarded Potentials.” They 
differ from the ordinary potentials, in which the finite velocity of propagation 
is not taken into account, only in that the quantities in the numerators must 
be evaluated at the retarded times appropriate to the point. 

The solution of equations (646) and (647) may be similarly written down, 
but it is usually easier to evaluate the forces by differentiation of the 
potentials. 

If the moving electrons in formula (656) are conveying currents in linear 
circuits, the formula becomes (on taking w = 1) 


tz| ds 
raz [Ule, 
where the summation is over the different circuits and 7, denotes the 


z-component of the current, which may also be expressed as ue This 


formula may be compared with (419), from which it differs only in that it 
takes account of the finite time required for the propagation of electro- 
magnetic action. 


The Field set up by Moving Electrons. 


647. An electron is a charge of total amount e spread through a very 
small volume. When we attempt to apply the equations just obtained to the 
motion of electrons, a complication arises. We must not integrate p or pu 
through the space occupied by the electron because the retarded time varies 
from one part of the electron to another. And this complication does not 
disappear even when we pass to the limit and suppose the electron to be of 
infinitesimal size. 

Let the electron be moving with a velocity (not necessarily uniform) of 
which the components at any instant are U, V, W. Suppose we wish to 
evaluate the potentials at a’, y’, 2’ at time ¢. 

Let 2, y, 2 be the position of any element of the electron at the retarded 
time t, defined by 


h=t— - where 7? = (a — #)?+(y' —yP+ (2 — 2) 
We may speak of 2, y, 2 as the effective position of the element of the 


electron under consideration, since the element contributes to the potentials 
we are in search of, only when it is at @, y, 2 
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The retarded time ¢ will be different for different parts of the electron. 
Let its value at the centre of the electron be @. Let the position of the 
element under consideration at time @ be 1, Yo, 2. Then the element which 
is at %, Yo, 2 at time @ has moved to a, y, z by time t, so that 

L=X + U(b—A)+4U(H—A) +... etc, 
where U, V, W refer to the velocity of the electron at time 6). 

Remembering that ¢, is a function of 2, y, z, we obtain on differentiation 

with respect to 2, 


0x, ot, 

a = 1 80+ 8 (lo 8) +4 (ty — OP + ..-} 
and similarly, 

02 Ot, 

ae alot U (to — A) +$U (to —O)? + ...}. 


Those elements of the electron which have their effective positions inside 
a small element of volume dadydz occupy at the fixed time 0, an element of 
volume da,dy,dz. The ratio of these elements of volume is given by the 
usual Jacobian determinant 
dx, dyydZ | 0% Oxy ~My 
dadydz |dx’ dy’ Oz |" 


CYo Yo Yo 
on” OY” OZ 
50 os eh 
Oa’ dy’ Oz 


On inserting the values of the differential coefficients as just calculated, 


and expanding the Saw we readily obtain 
dx dy ,dz 
aad ae a 1-3 Sor Be ie o) +H U (ty — GP +...}, 
all terms in U, V, w of degree higher than the first being found to are ae 
If the electron is small in comparison with its distance from the point 
a, y’, 2, local variations of #, y, z throughout the’ electron may be neglected, 
so that ¢ —@, may be neglected, and in the above expression a, y, 2, r may be 
supposed to refer to the centre of the electron. In this case we have 
dady dz Ot 1/_ar or a 
pee eras ez ak pee 
dady dz — aa 7 = he nies = "Ou wee) 


or, if v, denote the radial velocity of the electron towards the point a’, yz 
at the instant t= 4, 

dx dy, dz, Vp 

dedydz a 


Equation (655) may now be written in the form 


Vu ral een oe 


Sah 
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where all quantities are evaluated at the time t= %, or since 
Sflp daydy,dz =e, 


-—7 a ee 
K E (1 - =) 
a , 
where square brackets signify that the quantity inside is to be evaluated 


at the retarded time as estimated at the electron. Similarly equation (656) 
becomes* 


Suppose it is required to calculate the field at a point O at time t, Let 
E be the position of one of the electrons in the PR RE 
field at a time ¢ such that 


where r=HO. Then the quantities in square 
brackets must be calculated for this electron in 
the position # at the time t. 
Let the velocity of the electron at the time 4 0 
be V in a direction #F making an angle @ with Fig. 139. 
EO, and let HF be the distance V (t—t,) which the electron would describe 
by the time ¢ if its velocity remained constant. 


If FG is the perpendicular from # on to HO, the intercept HG is.given by 
EG = EF cos 6=V cos 0 (¢ — t,). 
Now Vcos@ is simply the component V, of velocity along HO, while 
t—t=r/a. Thus 2G =rV,/a and 


O0G=r—zG=r(1- 7), 


The formulae for the potentials now become 


If squares of V/C are neglected, the angle FOF in figure 139 is a small 
angle and OG is approximately equal to OF. Thus as far as terms of the first 


* These formulae for Y and F were first given by Lienard (L’Eclairage Electrique, 1898) and 
BE. Wiechert (Arch. Néerland. 5, 1900, p. 549). Our proof has followed closely the method given 
by Lorentz (Theory of Electrons, p. 254); an alternative proof is given by Schott (Hlectromagnetic 
Radiation, 1912, p. 22). 
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order in V/C the potentials are 


where F is the position of the electron at the instant at which the potentials 
are evaluated, except for a correction arising from accelerations or sudden 
changes in the motion of the electron. 


648. In the case in which U, V, W are treated as small we can also write 
down the potentials directly from equations (655) and (656). For in this case 
day dy, dz, becomes equal to dx dy dz and the equations assume the forms _ 


_[e _ wer] 
Vegi Dake 


Kr’ 


where r is the distance from the point a’, y’, 2’ at which the forces are measured 
to the effective position of the electron. Thus the magnetic forces are given by 


ee Ge a el =7, ae, i. Ms er), ees ©: (657). 


Since [ew] is a function of t— 7r/a, we have 
0 1[o Ave 
ap ev] lace | = —— Lele), 
so that 


0 [ew yey ¢ (ewe Ye yf er} 
Oy’ Tr r orr Tr yp }? 


and on substitution in equations (657) we obtain formulae for a, £, ¥. 


These formulae are seen to contain terms both in rand r-*. At a great 
distance from the electron the former alone are of importance, and the com= 
ponents of force become 


“(ei GUC. Dosa aan ee (658). 


Similarly we find for the electric forces at a great distance 


For a single electron moving along the axis of # with an acceleration JU, 
in free space for which » = K =1, the components of force assume the simple 
forms 


a=0, B=- 72 [ei], y= Ye" [ed] 
X=-G,le0 Y=0, Z=0 


these being accurate only at great distances from the electron. 
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RADIATION OF ENERGY. 
649. We saw in § 576 that the flow of energy across any closed surface 
is given by 
i GU ah lt nll cca ee ee (661), 


where 
C 
II,= = (Yy — ZB), etc. 


In proving this the energy was assumed to be localised in the medium in 
the way imagined by Maxwell, but if we identify our closed surface with a 
‘sphere at infinity this assumption is no longer necessary. For independently 
of this assumption, the total,energy in the whole of space is given by 


T+ w= [[[ ices 24 2) + 4 (a+ B+ >} ete 


and from this we can deduce formula (661) directly. On assigning to a, 8, ¥, 
X, Y, Z the value obtained in equations (660) for the forces from a single 


electron, we find 


C C 
tf, =0, Ily=— 7 Xy, II, = 7 XB, 


ea Ne ee \2 
11, + mil, + nl, = LWA aay, 


. whence the flow of energy across a sphere of infinite radius is readily 
found to be 

2 eu? 

3) “Ce Bove eer raesereresesssesereseesess 

This is Larmor’s formula for the rate at which a single moving electron 

radiates energy. We notice that a steady velocity uv contributes nothing to 
the radiation; energy is radiated away from an electron which is undergoing 
acceleration but not from one in steady motion. 


It must be added that the new dynamics referred to in § 620 seems to 
throw doubt on this formula for emission of radiation. Many physicists now 
question whether any emission of radiation is produced by the acceleration of 
an electron, except under certain special conditions. Bearing this caution in 
mind, we may proceed to examine some of the consequences of the formulae 
just obtained. 


650. If each of a cluster of electrons is so near to the point a, y, 2 that 
differences of retardation of time may be neglected throughout the cluster, 
the radiation from the cluster is easily seen to be the same as that from a 
single electron of charge Z moving with components of acceleration UV AW, 


such that ; 
EU =*ev, ete. 
J. 37 
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The condition that there shall be no radiation from such a chuster is 
Lev = Zev = Lew =0. 

If this condition is not satisfied, the rate of emission of radiation is 

(cf. formula (662)) 
2 : : , 
3(% {(Sevl+ (Sev) ew) secccencesneancesn (663). 

651. Consider next the field produced by a particle of charge F oscillating 
along the axis of « with simple harmonic motion, its coordinate at any instant 
being a cos pt. We have 


Eu=-— Ep’, cos pt; [HU] =— Ep*x, cos p («-") ; 


and the field can be written down by substitution in formulae (660). 
From formula (662) the average rate of emission of radiation is found to be 
Lp Eta? 16a H?22C 


EE ie Ar PR ees 
where X is the wave-length of the emitted light. 


A particle moving in this way is spoken of as a simple Hertzian vibrator. 
Its motion was taken by Hertz to represent the oscillating flow of current in 
an oscillatory discharge of a condenser. Such an oscillation formed the source 
of the waves in Hertz’s original experiments (1888), and forms the source of 
the waves used in modern wireless telegraphy. 


652. A case of great interest is that in which the velocity of a moving 
electron undergoes a very sudden change, such as would occur during a 
collision with matter of any kind. Let us represent such a sudden change 
by supposing that ev, eV, ew vanish except through a very small interval 
surrounding the time t=0, during which they are very great. At a point at 
distance r, [ev], [ev] and [ew] will vanish except through a small interval 
of time surrounding the instant t=r/a. During this short interval, the 
electric and magnetic forces will be very great; before and after this interval 
they will have the smaller values arising from the steady motion of the 
electron. Thus the sudden check on the motion of the electron results in 
the outward spread of a thin sheet of electric and magnetic force, the forces 
being very intense but only of brief duration. 


The radiation which is emitted when rapidly moving electrons impinge on 
matter is generally called X-radiation or Réntgen-radiation. It was suggested 
by Stokes that this consists of thin sheets or “pulses” of electric and magnetic 
force of the type we have just investigated. Although there is no doubt that 
this is true in a general way, yet the growth of the new dynamics already 
referred to has made it clear that there is far more in the problem of 
X-radiation than can be explained by the theories of Maxwell and Stokes. 
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MECHANICAL ForcES oN Movinea CHARGES, 


653. Whether we assume Maxwell’s localisation of energy in the medium 
or not, the total energy of an electromagnetic field, as we noticed in § 649, 
will be 7’+ W, where 


w=|l| BX V4 2) dadyde cesses (664), 


T= | | L(+ Atty) dedyde eee (665), 


and the integrals extend through the whole of space. 


Let us suppose that, on account of the electromagnetic forces at work, 
each element of charge experiences a mechanical force of components 3, H, Z 
per unit charge. We can find the forces &, H, Z by the methods of § 196 and 
the general principle of least action. 


Let us imagine a small displaced motion in which the coordinates of any 
point 2, y, z are displaced to +62, y+ dy, 2+68z, while the components of 
electric polarisation are changed from f, g, h to f+6f, 9+8g9, h+6h, these 
new components of polarisation as well as the old satisfying relation (615). 
Thus if p is the density of electricity at any point in the original motion and 
p+6p the corresponding density in the displaced motion, we must have 


of , og , oh 

Oa oun gee 
oof 06g , doh 
OL. oy ES = op. 


Let us denote the total work performed by the mechanical forces in this 
small displacement by — {6U} (cf. § 551), so that 


SUi= i i | pen 4 Widy + Zoey dadyde ac. (666). 


Then the equations of motion are contained in (cf. equation (507)) 


[er- WPS vain eae (667). 


We have roan (adasib3e +59) 


= a5 | ([!\e (G-F)+ raf dudydz 


areal ita aie oe) +... dedyde 


on applying Green’s nated « on ae using equation (685), this 
becomes 


ST = al|f{re Gas i)* G3(pr+ of) + HB (ow+ 5) PUES. 


37—2 
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. de ee : 
Let 5, 2 refer to a point fixed in space, and let A, Di refer to a point 


moving with the moving material. ‘Then we have the two formulae for Au, 


D d 7] 0 0 
Au = 7, bu = 7 ba + De ey ge 
Av= Bu + 52 Be + 5 by +5 Be 
so that on eae 
0 0 OU OU Ty 
su= 2 ba4 08 be 75 Betws be — (5% bu +5 8+ 5) 


We now have 
S(pu +f) = Usp wes of 
= vip +5 (pda + df) — bn P 
d 0 OU dU 
+p(va+ t ae 2) 80 p (2 Oa + x ay ot 32). 
On substituting for dp/dt and ni their values (cf. § 622) 
dp _ 
En - leo tg ON en) 


0 
ip=— {2 (p8e) +5 (phy) +5 (05), 
and simplifying, we obtain 
ea! 0 0 
S(pu+f)= di (pda + Sf) age — pudy) — 5, (pUSz — pwéa), 


whence 


eT = al| PS (pin-+8f) dadyde+ terms in G, H 


s 


+ al fre (orn — puby)—2 (puSz - pwrix)| icdnantinn 


Transforming by Green’s Theorem, the second line in 87’ becomes 


al ) (pwoy—pvez)+.. J dedyde 


a a {| [tose (cv — bw) + pSy (aw—cv) + pz (bu —av)} dedyde. 


On integrating with respect to the time, and transforming the first term 
on integration by parts, we have 


[sree [ae a {| [Gq (e824 af) + p80 (cr —bm) +. | dedyds 
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We have from variation of equation (664), 
SW = i i | (X 8f + Y8g + Zoh) dedyde, 


Hence, freed from the integration with respect to the time, equation 
(667) becomes 


alll |, (de + Bf) + pba (ov —On) + | dadydz 
= [ i | (X 8f-+ Ydg + Zh) dadyde 


—{ffo (Eda + Hdy + Z8z) dadydz=0 .icceecccccceeecesceees (668). 


We may not equate coefficients of the differentials, for 6f, dg, dh are 
not independent, being connected ae 
dof , dog | Oh 
kia foe ee 2 (pbx) - F (pay) - 2 (p32) 


We multiply this by an undetermined ce Tues YW, a function of 2, y, 2, 
and integrate through all space. We obtain 


zee Get ooh 0 9 9 
[IG r= + a (pou) + dy (PY) + a, (P 82)) dadydz=0, 


or, after vin no parts, 
v 
[GE Gs of + p80 t Gg Bh + pba + ply T+ pbs 5) dudyde = 0. 
Adding this oes to the left hand of equation (668), we may equate 
coefficients, and obtain 


Eg a ECM Mee cu oetnesicaser sees serene (669), 
ldF ov 
Fe ta oe a i aa = 
= Oaraa + Ger by) 
=X + C Nome BOD) GEC ME ee car umiie sts Conse (670). 


The first equation is simply equation (639), of which we have now obtained 
a proof direct from the principle of least action (cf. § 575); the second gives 
us the mechanical forces acting on moving charges. It will be seen that the 
forces given by formula (670) are identical with those obtained in § 629, but 
they have now been obtained without any limitation as to the smallness or 
steadiness of the velocities. 


582 The Motion of Electrons [CH. XIX 


Stresses in the Medium. 


654. We can next evaluate the stresses in the medium, following the 
method of §193 and assuming the medium to be free ether. 
Let X be the total -component of force acting on any finite region of the 


medium, so that 
- = |[[Eedzdyde=[[[pXaedyde + af | (ypvV — Bpw) dadydz. 


On substituting for pv, pw from equations (635), the last term becomes 


-colllo a riba =) da dy da 
i |lI\x E-B)-2 GS) aedyae 


= yh [[[ez-av) dedyde— Gy |[|(2B -7 2) dedyas t... 


On substituting for p from equation (615), and for d@/dt, dy/dt from 
equations (636), and collecting terms, this becomes 


x= ae Ill (Ge + 3p * Ge) =~ ¥ Ge ~ Hy) +2 (Gs — Ba) | Arad 


ail | aan sein (GE - 52) | dedyae 


in which IT, as in §576 denotes the 2-component of the Poynting Flux. 
On transforming the volume integrals in the first two lines into surface 
integrals, this becomes 


x=— 7 [fig Y?—Z)4mX VY +nXZ} dS 
Retina iy se ds 


ee (672). 


Since the last volume integral cannot be transformed into a surface integral, | 
it is clear that the mechanical action is not such as can be transmitted by a 
system of stresses in a medium at rest. 

655. On the other hand it is clear that if we suppose the medium to 
possess momentum of components 


Ce oe io ee ey 
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per unit volume, then equation (672) would become exactly the equation of 
motion of this medium, if it is supposed to be acted on by a system of stresses 


defined by 
ae (X?— Y?— Z24 g — 6? 9?) ete, | 


Paap (XY + af) ete. | 


Thus the mechanical action is such as can be transmitted by a medium 
in motion, the momentum per unit volume being given by formula (678). 
The vector whose components are given by formula (673) is commonly called 
the “electromagnetic momentum.” We see that it is of amount equal to 1/C? 
times the Poynting Flux, and in the same direction. 


For an electrostatic or magnetostatic field existing alone, the electro- 
magnetic momentum vanishes, and the stresses reduce to those previously 
found in §§ 193 and 471. 


Motion witH UNIFORM VELOCITY. 


656. Let us again return to the general equations, and examine the special 
form they assume for a system moving with uniform velocity. This may for 
convenience be supposed to be a velocity uv parallel to the axis of a. 


As in § 624 we may replace 7 ¢ by —U 2 and the general equation (648) 
becomes 
(1 = =) Oy dy ay 


ah) been Oyen denim oe 


Let us now write « for (1 - =) “3 , and the equation becomes 


2, 2, 
1ox OX 440X & 


K? 0x? + oy: dz Age 
or, if we write a’ for xa, : $ ~ 
2, 2 
} ee UNE Bae 675 
Oa: +38 oy? + aga a (eo) 


We may conveniently speak of 2’, y, 2 as the “contracted” coordinates 
corresponding to the original coordinates a, y, 2, since if two surfaces have 
the same equation, one in a’, y, z and the other in #, y,.2 coordinates, the 
former will be identical with the latter contracted in the ratio 1/« parallel to 


the axis of a. 
Equation (675) is Poisson’s equation in contracted coordinates, Its 


isthe 
solution 1s o da’ dydz odadydz sm 
7. ue & 


where r’ denotes distance measured in the contracted space. 
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Hence (cf. equations (644), (645)) the values of VW and F, G, H are 
given by 
K = 8 
v=535 


po tt3S, g-H-0| 


so that the potentials are the same in contracted coordinates as they would be 
in ordinary coordinates if the system were at rest, multiplied by the factor «. 


Motion of a uniformly electrified sphere. 


657. To illustrate the method just explained, we shall examine the field 
produced by a uniformly electrified sphere of radius a, moving with velocity U. 


The surface in the contracted space is a sphere of radius a, so that that in 
the uncontracted space is a prolate spheroid of semi-axes xa, a, a, and there- 
fore of eccentricity v/C. To find the distribution of electricity, we imagine 
the charge on the sphere to be uniformly spread between the spheres r = a 
and r=a+e, where ¢ is infinitesimal. The charge on the spheroid is now 
seen to be uniformly spread between the spheroid itself and another similar 
spheroid of semi-axes « (a+ ¢),a+¢,a+e. Thus the distribution of electricity 
in the spheroid in the uncontracted space is just what it would be if the 
spheroid were a freely charged conductor, and is given by the analysis of 
§§ 288, 284. 


658. The field has been discussed in detail by Searle* and Abrahamf. 
The electric and magnetic energies W and 7’ are found to be given by 


2 2. 72 
ae Plog ge 2h, 


~ 8a Cu (= 
ey Cr. C+u 9 
= Sail Ue Oe Oe ae 


e (0, C+o 
T+We= me ighegee—it, 
while the total electromagnetic momentum G in the whole of space is given by 
fete {or log O+U_ =| 
4a | Cv? C=) 
this direction of G being of course that of v. 


Motion of any system in equilibrium. 

659. When a material system moves with any velocity v, the electric field 
produced by its charges is different from the field when at rest. The difference 
between these fields must shew itself in a system of forces which must act on 
the moving system and in some way modify its configuration. 


* Phil. Trans. A, 187 (1896), p. 165. 
t Phys. Zeitschrift, 5 (1904), p. 576, or Theorie der Elektrizitat (2nd ed.), p. 165. 
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Let us consider first a simple system which we shall call S in which all 
the forces are electrostatic, and all the charges are supposed concentrated in 
points (e.g. electrons). Let us suppose that when the system is at rest there 
is equilibrium when a charge ¢, is at f=2,, YH", 2=2; & ab L= My, Y=Yp, 
2= 2Z,, and 80 on. 


Let us compare this with a second system S’ consisting of the same 
electrons but moving with a uniform velocity v, and having the charges e, 
at ao = 2), Y=, 2Z=23 & at v =xX,, y=Y, Z=%, etc., so that each electron 
has the position in the contracted space which corresponds to its original 
position in the original space. Then if V denotes the electrostatic potential 
in the original system, the potentials in the moving system are (cf, equations 
(676)) 

Kyu 
08 
and the forces in the moving system are 


XY ov ~1idF 


Se ee es Oa 


0b 0 GF 

ow vor 
~~ Ge + O30 

-* a -“47) - pelo, 
nonion OO} aw On’ 

ov oV 
ee BLCUC, 


We notice that the electrostatic forces in S’ are 1/« times those in S as 
regards their z-components, but « times those in S as regards their y-com- 
ponents. As a special case we notice that if the system S was in electrical 
equilibrium, then 8’ will also be in electrical equilibrium, so that a system 
which is in equilibrium when at rest can regain equilibrium after being set in 
motion with velocity v by contracting in a ratio 1/«. 


ELECTROMAGNETIC Mass. 


660. Consider a charged body, which will ultimately be identified with an 
electron, moving with a uniform velocity U parallel to the axis of 2 Let us 
first consider the simple case in which UV is so small that u?/C? may be 
neglected. 

The moving charge creates a magnetic field. If the charged body is 
supposed to be a sphere of radius a, whose surface is uniformly electrified to 
a total charge e, then there is no field inside the sphere, and the components 
of magnetic force outside the sphere are given by 


U ez ney 
Clue ea Cate bn On! 
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If we assume localisation of energy in the medium, then at a distance r 
greater than a from the centre of the sphere there will be magnetic energy 
per unit volume of amount ‘ 

2772 ain? 
where @ denotes the angle between the radius r and the axis of a. On inte- 
gration, the total energy of this magnetic field is found to be 


e U? ein? 6 Wa. e 

aml || msin 6 d@d¢dr =a Ty (Oe mabe Sandee s (677). 
This result is of course only true provided we suppose the energy to reside 

in the medium as imagined by Maxwell. In this case the energy, being 

magnetic, must be supposed to be kinetic energy. 


Thus if the charged body is supposed to be of mass mp, the total kinetic 
energy of its forward movement will be 


9 2 
4 (i +5 x) it ee ee ...(678), 


in which the first term arises from the ordinary mass of the body and the 
second from the kinetic energy of the medium. 

An analogy from hydrodynamics will illustrate the result at which we have arrived. 
Suppose we have a balloon of mass m moving in air with a velocity v and displacing a 
mass m’ of air. If the velocity v is small compared with the velocity of propagation of 
waves in air, the motion of the balloon will set up currents in the air surrounding it, such 
that the velocity of these currents will be proportional to v at every point. The whole 
kinetic energy of the motion will accordingly be 


3 (m+) v, 
the term 4 mv? being contributed by the motion of the matter of the balloon itself, and the 
term 4 Mv* by the air currents outside the balloon. The value of ¥ is comparable with m’, 
the mass of air displaced—for instance if the balloon is spherical, and if the motion of the _ 
air is irrotational, the value of Jf is known to be 4m’ (cf. Lamb, Hydrodynamics, § 91). 


661. Strictly speaking, formula (678) is true only when v remains steady 
through the motion. Any change in the value of u will be accompanied by 
magnetic disturbances in the ether which spread out with velocity C from 
the sphere. An examination of integral (677) will, however, shew that the 
energy is concentrated round the sphere—the energy outside a sphere of 
radius £ is only a fraction a/R of the whole, and if R is taken to be a large 
multiple of a this may be disregarded. The time required for the energy to 
readjust itself after a change of velocity is now comparable with R/C. 

‘Thus if we exclude sudden changes in J, and limit our attention to 
gradual changes extending over periods great compared with R/C, we may 


take expression (678) to represent the kinetic energy, both for steady and 
variable motion. 


The problem gains all its importance from its application to the electron. For this 
a is of the order of 2x 10-8 cms. (see below, § 666), so that all except one per cent. of the 
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magnetic energy is contained within a sphere of radius R=2x10-"ems. Since C=3 x 10", 
the time of readjustment of this energy is ‘66 x 10-2! seconds, an interval small enough to be 
disregarded in almost all physical problems. 


662. We shall now consider the same problem in a different manner, 
and shall remove the restriction that v/C is to be a small quantity. The 
electron will still be ‘supposed to move with a uniform velocity v, v, w which 
may be of any amount. The field arising from its motion may be calculated 
as explained in § 647. So long as the electron has no acceleration, the forces 
X, Y, Z, 4, B, y fall off at infinity as 1/r*, so that the stresses defined by 
equations (674) fall off as 1/r‘. 


If we now apply equation (672) to the field of the single electron, allowing 
the closed surface S to recede to infinity, the equation becomes 


where the integral is taken through the whole of space. Here X will now 
represent the x-component of the ponderomotive force on the electron from 
the field set up by its own motion through the ether. 


When the electron moves with uniform velocity, the integral on the right 
retains a constant value. In this case X= Y = Z=0; there is no resultant 
force acting on the electron from the ether. 


Now suppose that the electron has not only a velocity uv, v, w but also an 
acceleration U, V, W. The forces X, Y, Z, a, 8, y now contain terms in I/r, 
but these depend only on the accelerations. When the surface S recedes to 
infinity in equation (672), the surface integrals will no longer vanish, but will 
contain terms dependent on the squares and products of the accelerations. 
If we suppose the accelerations to be so small that their squares and products 
may be neglected, then equation (679) remains true even for an accelerated 
electron. 


We have seen that II, will depend on the values of U, V, W, U, etc., both 
at the instant ¢ under consideration and also at preceding instants. Thus we 
may in general suppose that 


Ja || Mededyde = fe (0, ¥, W, BB. ete) 


Each side of this equation represents the «-component of electromagnetic 
momentum, and equation (679) assumes the form 


x= Ural oe r+ weet Ong te ace (680). 


It is clear that the force X will depend on all the accelerations and their 
differential coefficients with respect to the time. 


588 The Motion of Electrons [CH. XIX 


Consider first the case in which all the accelerations are steady and so 
small that their squares may be neglected. Then @, etc. all vanish and 
equation (680) reduces to ‘ 


x=-|0 es yale wee DR td blendtec os (681). 


In general @f,/du etc. may depend on U, ¥, W, but if we agree that squares 
of 0, ¥, W may be neglected in calculating'X, then we may calculate 0f,/d7 
etc..on the supposition that U, ¥, Wall vanish. In other words /, etc. may be 
calculated as if the motion were steady. 


When the motion is steady the whole electromagnetic momentum ( is 
clearly in the direction of the motion and its amount will depend only on ¢, 
where ?'= U?+v?+W% Thus we may pub — 


0 
Ja=s G, 


where G is the whole electromagnetic momentum in the whole of fat a 
function of c only. On differentiation, we obtain 


Of nate UN, 0 (5); Of, UV O (2), ai 


O07 O.. 0.26, Oa AOC 


Now suppose the whole motion to be in the direction of Ox, so that c= JU, 
v=w=0. The three equations such as (680) now assume the forms 


When @ exists alone, y= w=0, so that Y=Z=0. Thus the electro-_ 
magnetic field exerts a force on the electron in the direction opposite to U. 
This force is the same as would be exerted if the electron possessed an ad- 
ditional mass equal to dG/de. This is called the longitudinal electromagnetic 
mass of the electron. An electron of mass m, will respond to a force in the 
direction of its motion in the same way as an electron, unencumbered by an 
electromagnetic field, of mass 


Similarly if 7 exists, along the opposing force of the electromagnetic field 
is —V(G/o). By a similar interpretation, G/o is called the transverse electro- 
magnetic mass. The electron will respond to a force transverse to its motion 
in the same way as an electron, unencumbered by a magnetic field, of mass 
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663. Abraham suggested in 1904 that the electron might be treated as 
a rigid sphere of radius a, uniformly electrified over its surface. If so, the 
longitudinal and transverse masses m; and m, would be given, from the 
formulae of § 658, by 


m= = = ( 2uC si C+u 

: L 9a ou? \O2— 0? Spee 
pe © (C8 0? Cay U 

m= Fa g(a 8 eH 28) 


664. Lorentz brought forward an alternative conception of the electron 
according to which it is spherical in shape only when at rest. The electricity 
is not supposed to be rigidly fixed in a spherical configuration, so that when 
the electron is set in motion with a velocity UV, it contracts, in accordance 
with the theorem of § 659, in the ratio 1:« in its direction of motion and so 
assumes the form of an oblate spheroid. Against this conception of the 
electron Abraham has brought the objection that the original electron cannot 
be simply a distribution of electric charges acted on by their own mutual 
repulsions; there must be other forces at work to keep the charges from 
flying apart. When these other forces are taken into account, there is no 
reason for supposing that the contracted electron would be in equilibrium, or 
if it were in equilibrium, that the equilibrium would be stable. We shall 
return to this point later. 


The electromagnetic field of Lorentz’s electron is readily calculated by the 
method of § 656, for the configuration, when expressed in terms of contracted 
coordinates, is spherically symmetrical. 

If W is the electrostatic energy of the system of charges which constitute 
the electron when at rest, it is readily found that the electromagnetic momen- 
tum G of the contracted electron moving with velocity U is 


4 KU 

G= 5 W, 

so that the longitudinal and transverse masses are 
a 4, W is 
je 

Seay Mo 69 hee eae (684), 
4 W 

m= 3 @ ive 


665. The formulae for the transverse mass can be tested experimentally. 
It was shewn in § 631 that an electron in a uniform magnetic field H would 
describe a path of constant curvature muC/eH, where v is the velocity 
perpendicular to the magnetic lines of force. When electromagnetic mass 
is taken into account, m in this formula must be replaced by m, + m, where 
m, is the mass of the electron apart from its electromagnetic mass, Experi- 
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ments to determine the variation of m,+, with the velocity. were first 
undertaken by Kaufmann in 1906. More recent experiments by Bucherer, 
Bestelmeyer and others shew that m, +m, varies precisely as (1 — v?/C?) —S org. 
This is in exact agreement with the transverse mass of the Lorentz contractile 
electron if m, is taken to be zero—+.e. if the mass of the electron is supposed 
to be wholly electromagnetic. 


666. All experiments agree in giving a value for e/m at zero velocity very 
nearly equal to 1-767 x 10’ in Electromagnetic Units (Bucherer’s value). Com- 
bining this with Millikan’s value for e, namely 4°774x10-” in Electrostatic 
Units, we find for the mass of the electron at rest 


m = 9:00 x 10-* grammes. 


The mass of the electron at rest is, from formulae (684), 


If the charge e of the electron is supposed spread uniformly over the surface 
of a sphere of radius a, the value of W, the electrostatic energy, is e?/2a, 
so that 


in agreement with formula (678). In this equation we know the values of 
m, e and C, so can deduce 
a=1'3874x10-* ems. 

This must be the radius of the electron if its charge is spread uniformly over 
the surface of a sphere. If the charge is spread uniformly through the volume 
of a sphere, W = 3¢?/5a, giving 
kce 
oC 

Other distributions of charge would give other values for a but always 
of the same order. We conclude that the value of a is of the order of 
2x 10-* cms. 


m a = 2'249 x 107* ems. 


The Internal Mechanics of the Electron. 


667. Let us regard the electron as a contractile sphere of radius a whose 
surface is uniformly charged with electricity. Then m is given by formula 
(685), and the electromagnetic energy of the electron, when moving with a 
velocity U, 1s found to be 


\ 
T=mC0 (« - in) +a constant! .aian ean. sce « (686). 
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Suppose an acceleration to operate for an instant dt. Since the longitudinal 
mass is m«*, the work done by the force producing the acceleration is 


mx U dt 
: ; d A z 
which may be written as og (eC) dt. The increment in the electromagnetic 


energy (686) is, however, 
G,(mO*x) dt —3 S(O) a, 
and this is not equal to the work done on the electron. 


To satisfy the conservation of energy it appears that in addition to its 
electromagnetic energy 7’ the electron must have energy U of some type 
unknown but of amount 

‘ 
Uae nee PCOMS LAM was. te eee eee ee (687). 
4 k 

Then 7+ U=m«-+a constant, and the work done by external forces is 

equal to the increment of 7'+ U. 


668. If a charge e is spread over a conducting sphere of radius_a, the 
force per unit area on its conducting surface is 


R=270?= 


e? 
87ras* 


The electron is not a charged conductor, but the above formula makes it 
clear that the electron at rest could be held in equilibrium by the action of a 
normal tension R of amount e?/87ra‘ per unit area. Poincaré* has shewn that 
the electron in its contracted state would still be in equilibrium if tensions of 
this amount continued to act while the electron was in motion. Now if v is 
the volume of the electron at any instant, the work done on these tensions as 
the electron changes shape will be Rdyv. When the electron is moving with 
velocity U, its volume is $7ra%/«, so that 


2 SE sc BUI 
GT a K 


Thus if U is taken to be Rv in formula (687), the conservation of energy will 
be exactly satisfied. 


There is no evidence as to whether these tensions do or do not exist; the 
possibility of their existence suggests a mechanism by which the electron can 
be held in equilibrium at all velocities, while its motion conforms to the con- 
servation of energy. 


* Rendiconti del Circolo Matem. di Palermo, 21 (1906), p. 129. 
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The Reaction on an Accelerated Electron. 


669. The whole force acting on ’ moving electron is given by equation 
(680), in which we have so far neglected all terms beyond those in U, V, W. 
Lorentz* has calculated the effect of the terms in U, V, iv etc., and finds that 
they give rise to a force acting on the electron of components P,, Ly, Fz 
given by 


Lorentz also gives formulae from which the remaining terms in equation (680) 
can be calculated, but these terms are of little physical interest. 


The force given by formula (688) may be regarded as a frictional resistance 
opposing the motion of the electron through the ether. The rate at which 
the electron does work to overcome this force is 


UF, + VF, + wF,, 
so that the work done by the electron in an interval from t =0 to ¢=7 will be 


—3 sal, (U0+Vi¥+ ww) dt. 


On Wee a parts, this becomes 
-; ai 3 ran (0? + 02+ wW) dé. 


‘The last term represents the nee emitted by the electron as calculated 
by Larmor’s formula (662); the first term must represent changes in the energy 
stored in the ether. 


CO VV + ww) 


* The Theory of Electrons, p. 251. 


CHAPTER XX 
THE THEORY OF RELATIVITY 


MoTION THROUGH THE ETHER. 


The Michelson-Morley Experiment. 


670. WHEN we have spoken of a system at rest we have so far meant, for 
all practical purposes, a system at rest in our laboratories. But if we have been 
right in conjecturing that all electromagnetic phenomena have their seat in 
the ether, then a system at rest would most naturally be taken to mean 
a system at rest in the ether. We have so far made no clear distinction 
between the conceptions of rest in the ether and rest relative to the walls of 
a laboratory. 


The view was at one time held that a moving body drags the ether along 
with it. If this were a true view the distinction just referred to would not 
arise; a body at rest relative to the walls of a laboratory would also be 
at rest in the ether. But in time it was found that this was not a true view; 
it could not be reconciled simultaneously with results of laboratory experiments 
such as Fizeau’s water-tube experiment (cf. § 687 below), and with the astro- 
nomical theory of the aberration of light* (cf. § 689 below). Finally it became 
established that the ether, if one existed at all, could not share in the motion 
of moving bodies ; it must be stagnant, and moving bodies must simply move 
through it without setting up mass-motions in it. . 


The earth’s velocity in its orbit is about 30 kms. a second, so that the 
velocity of the earth relative to the supposed ether must at some season of the 
year be at least 30 kms. a second. If an ether exists, there must be a stream 
of ether flowing through every laboratory which must attain velocities at least 
as great as 30 kms. a second. 


Starting in 1887, Michelson and Morley conducted experiments with a view 
to measuring the actual velocity of this supposed stream of ether relative to 
their laboratory, or, what is the same thing, the velocity of the earth through 
the ether. The principle of the experiment is easily explained. Let the 
laboratory be moving with velocity wu through the ether, then a ray of light 
travelling against the stream of ether will move with an actual velocity Cin 
the ether, and so will have an apparent velocity C — u if measured relatively 

* For a fuller account the reader is referred to special treatises—Larmor’s Ether and Matter 
(Camb. Univ. Press, 1900) or Cunningham’s Relativity (Camb. Univ. Press, 1914). 
a 38 


594 The Theory of Relativity [OH: XX 


to the moving laboratory. Similarly a ray of light made to travel in the 
reverse direction will have an apparent velocity (+wu. If a ray travel over 
a path J and is then reflected back to its starting-point, the time ¢, taken 
will be given by 


i 1 21 uw\- 
a=goatose GIS) are t. (689). 


Suppose next that a ray is made to travel a distance L across the direction 
of motion and back to its starting-point, the system moving with velocity u 
as before. Let the whole time be ¢,, then the distance travelled by the system 
is ut, The actual path of the ray through the ether consists of two equal 
parts, one before reflection and one after; each part is the hypotenuse of a 
right-angled triangle of sides Z and 4ut,, and the time of describing each part 
is $t,. Hence 

44,0 = (1? + 1wt,2)?, 


= 
whence tp. = a @ — a) ina =-Sfe lies cblcte sibs earn cane (690). 


From formulae (689) and (690) it appears that the times taken by a ray of 
light to travel a distance / and be reflected back, while the laboratory is in 
motion through the ether, will be different according as the path of the rays 
is along or across the direction of motion of the system. This time difference 
admits of measurement by optical means, and from such measurements it 
ought to be possible to determine wu. 

When the experiment was performed no time difference could be observed. 
The obvious explanation would be that, at the moment of performing the 
experiment, the laboratory was at rest in the ether, but this explanation was 
not found to be tenable, since no time difference could be discovered at any 
season of the year. 


The Fitzgerald-Lorentz Contraction Hypothesis. 


671. Fitzgerald in 1893 and Lorentz in 1895 suggested independently 
that the reason why no time difference was observed might be because the 
arm | of the apparatus which moved with velocity w longitudinally through 
the ether was contracted in a ratio (1— u?/02)2 as a result of its motion. In 
such a case the arm / would have shrunk from an initial length J, given by 


measured in the system when at rest. Equation (689), expressed in terms of 


l,, now becomes , 
_ 2, w2\~3 
s=G(I-G) > 


and so agrees with formula (690). 
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Thus the Fitzgerald-Lorentz contraction hypothesis would account com- 
pletely for the null result of the Michelson-Morley experiment. The hypothesis 
in itself is not unreasonable, for we have already seen (§ 659) that an electrostatic 
system set in motion with a velocity w would only regain its equilibrium after 
contracting longitudinally in exactly the ratio (1 — u2/C?)2 assumed by the 
hypothesis. It is true that the arms of sandstone and pine used by Michelson 
and Morley were not purely electrostatic systems. But neither is the electron 
(cf. § 664), and yet Lorentz’s hypothesis that this contracts longitudinally in 
exactly the same ratio is found to lead to a value for the electromagnetic 
mass which is entirely confirmed by experiment (§ 665). 


672. According to the contraction hypothesis, the Michelson-Morley 
experiment failed to detect the velocity of motion through the ether because 
this motion was exactly concealed by the shrinkage of the apparatus. If this 
were so, the velocity ought of course to become measurable if we could in any 
way measure the amount of this shrinkage. 


It is at once obvious that the shrinkage could not be measured, or even 
detected, by any process of direct measurement, for any material measuring- 
rod would shrink in exactly the same ratio as the apparatus to be measured. 
Indirect means might, however, be expected to reveal the amount of shrinkage. 


673. Lord Rayleigh* pointed out that an isotropic medium ought to 
become anisotropic when shrunk, so that ordinary transparent matter ought 
to be doubly refracting for a ray of light crossing it in a direction oblique to 
its motion through the ether. But no trace of double refraction was found 
either by Lord Rayleigh or by Brace+ who repeated the experiment with 
apparatus so sensitive that a fiftieth part of the expected effect would have 
been detected. 


Following a similar train of thought, Trouton and Rankine} tried to 
detect changes in the resistance of a bar of metal as it was turned in various 
directions, but found no measurable change. 


These experiments do not prove either that there is no motion through the 
ether, or that the Fitzgerald-Lorentz contraction does not occur. They prove 
that if there is motion through an ether, and if the contraction does occur, 
then the effect of this contraction is somehow veiled or compensated by some 
other effect. Thus Lorentz shewed§ that the null result of the experiments of 
Rayleigh and Brace would be exactly accounted for on his own theory of the 
constitution of the electron, on which the electrons would be contracted in 
just the same ratio as the transparent matter. And Trouton and Rankine 
shewed, in their original paper, that the null result of their experiment is an 
inevitable consequence of the electron theory of conduction through matter 

* Phil. Mag. 4 (1902), p. 678. + Ibid. 7 (1904), p. 317. 
+ Proc. R. S. 80 (1908), p. 420. § Theory of Electrons, p. 217. 
38—2 
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(cf. § 345 a), provided the electron has the transverse and longitudinal masses 
assigned to it by Lorentz (§ 664). Thus these experiments, undertaken 
originally in order to find velocity through the ether, resulted finally in pro- 
viding confirmation of Lorentz’s theory of the constitution of the electron, 


In other experiments, the compensatory effect is still more easily dis- 
covered. A charged body moving through the ether ought to set up a 
magnetic field, so that every charged body in a laboratory ought to be sur- 
rounded by a magnetic field proportional to u/O. Every other charged body 
in the laboratory is moving across the lines of force of this magnetic field 
with velocity w and so ought to be acted on by a mechanical force pro- 
portional to u?/O*%. Trouton and Noble* suspended a parallel plate condenser 
by a torsion thread and looked for a couple, proportional to u?/C?, tending to 
turn the plates parallel to the direction of motion through the ether. No such 
couple was observed. 


The null result of this experiment is readily explained as a consequence 
of the Fitzgerald-Lorentz contraction. A shrinkage of the distance between 
the plates decreases the energy of the condenser. There is therefore a 
mechanical couple tending to turn the system into its position of minimum 
potential energy—+.e. into a position in which the plates are at right angles 
to the direction of motion through the ether. It is readily verified that this 
couple exactly neutralises the couple of magnetic origin, which the original 
experiment tried to detect. Indeed, granted the Fitzgerald-Lorentz shrinkage, 
the theorem proved in § 659 shews at once that the system would be in equi- 
librium in all orientations. 


Tue RELATIVITY-CONDITION. 


674. These and similar experiments have one and all failed to detect 
motion through an ether. They have not proved that there is no motion 
through an ether, but shew that if this motion exists, its effects are in every 
case veiled by some other effect, and, in every case, it has proved possible to 
discover this veiling effect as an effect predicted by general electromagnetic 
theory. 

The question arises whether there must always and of necessity be a 
veiling effect in every experiment. In other words, are the electromagnetic - 
equations of such a nature that it is inherently impossible to detect motion 
through an ether by-electromagnetic means ? 


It is well known that the ordinary Newtonian equations of dynamics are 
of this nature. For the equations 


* Phil. Trans. A, 202 (1903), p. 165 and Proc. R. S. 72 (1903), p. 182. 
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do not change their form when referred to axes moving with a uniform velocity 
u—1.e. when « is replaced by «—wt. Thus all phenomena governed by these 
equations are the same on an earth moving with a uniform velocity u as they 
would be on an earth at rest, so that it is necessarily futile to attempt to 
determine the earth’s velocity in space by means of such phenomena. 


Systems of equations or natural laws which are such as to make it im- 
possible to determine absolute motion may be said to satisfy thé “Relativity- 
condition.” The characteristic of such equations will be that they do not 
change their form when referred to axes moving with a uniform velocity 
relative to the axes to which they were originally referred. We have seen that 
the Newtonian equations satisfy the relativity-condition, and the continual 
failure of experiment to determine the earth’s velocity through the ether leads 
us to consider whether the electromagnetic laws may not also satisfy the 
relativity-condition. 


If we simply change the electromagnetic laws by replacing x by w— ut, it 
is at once seen that a change of form results. But the hypothesis of the 
Fitzgerald-Lorentz contraction has already given grounds for suspecting that 
the required change may not be so simple as this. For instance, it may be 
that on changing to moving axes, all lengths parallel to the x-axis ought to 


be contracted in the ratio (1 — u?/ one, In this case the transformation would 
be from w to a new coordinate #’ defined by 2’ =«(a— ut), where « denotes 


(1 —u?/ o2)-3, The analysis of § 659 has already shewn that all electrostatic 
phenomena conform to the relativity-condition when this transformation is 
made. 

This change really amounts to a change in the measurement of the unit 
of length, as regards lengths parallel to the axis of 2, when we change the 
velocity of motion parallel to the axis of x. Following a method originated by 
Einstein* we proceed to examine whether similar changes in all the units can 
result in the electromagnetic laws conforming to the relativity-condition. 


675. Consider first the condition that the simple phenomenon of the 
transmission of a light-signal shall satisfy the relativity-condition. Imagine 
an experimenter S moving with an unknown but uniform velocity, and using 
coordinates a, y, 2, t to record the result of his observations. If the pheno- 
menon of light-transmission satisfies the relativity-condition, a signal started 
from the origin at any instant ¢ = 0 will after time ¢ have reached points lying 
on a sphere 

Bi YP 4 27 — CPP HO rrercecececssecscconee (691), 
where C is the velocity of light determined by the observer 8. 

Let a second observer S’ move with a different velocity, and let him use 

coordinates 2’, y’, 2’, t’ to record the result of his observations. The sphere 


* Ann. d. Phys. 17 (1905), p. 891. 
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whose equation is (691) for S will have an equation expressed in terms of 
a’, y', 2, ¢ for S’, and if the relativity-condition is satisfied, this equation 
must be x 
a2 fy’? 42! — (MG = sc eeerereeeenererees (692), 
where 0” is the velocity of light determined by S’. 


If 8’ changes his units of length or time he will change his value of C’, 
which is the distance light appears to him to travel in unit time. We may 
without any loss of generality suppose S’ to use units which make C” equal 


to C. 


We may also suppose that light will appear, both to S and to S’, to travel 
in straight lines with uniform velocity*. Thus for S the equation connecting 
the position a, y, z of a light-signal with the time ¢ must be linear in 2, y, 2 
and ¢t. The similar equation for S’ will be linear in a’, y’, 2’ and ¢’. Thus a’, y/’, 2’ 
and ¢ will necessarily be linear functions of 2, y, z and # And we have 
already supposed that the equations of transformation from a’, 7/, 2’,t’ to a, y, 2,t 
must be such that equation (691) transforms into equation (692), C’ being 
equal to 0. 


Let us introduce new santas 77 im sted of ¢, v’, these being given by 
tT =1Ct, tr’ =iCt where 1=1/(—1). Then equations (691) and (692) become 


a+ y2+ 22+ 72=0, 
grt yt 224 7? = 0), 
The relativity-condition is satisfied if a linear transformation transforms 


the one equation into the other. Since the equations of transformation are 
linear this requires that 


O+P+ e+ Pak (ert yt seg)... eccccsceee (693), 
where k is a constant. 


Imagine a four-dimensional space constructed in which a, y, 2, T are 
orthogonal rectilinear coordinates. On account of the linearity of the equations 
of transformation, 2’, y’, 2’, r’ may also be regarded as rectilinear coordinates 
in this same space, but these have not yet been required to be orthogonal. 
Now #?+y?+2?+77 is' the square of the distance of the point 2, y, z, r from 
the origin when expressed in @, y, z, t coordinates, so that, by equation (6983), 
k (a? + y?+2"+ 77) must be the square of the distance of 2’, y’, 2’, r’ from the 
origin. It follows at once that a’, y’, 2’, 7’ must be orthogonal coordinates; if 


* According to Hinstein’s theory of generalised relativity, to which we shall return below 
(§ 702), light does not travel in straight lines in the presence of a gravitational field. The 
assumption we have just made marks the parting of the ways between the old physical 
theory of relativity and the new generalised theory. On the new theory the assumption just 
made is strictly true only at an infinite distance from all matter; it may nevertheless be 
regarded as a very accurate first approximation to the truth except in gravitational fields 
enormously more intense than any of which we have experience. 
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they were not orthogonal, cross products 2’y’, a'r’ etc. would enter into the 
expression for the square of the distance from 2’, y’, z’, r’ to the origin. Thus 
the axes of a’, y’, 2’, 7’ can be obtained from those of a, y, z, r by a pure 
rotation in the four-dimensional space. 


We have already fixed the ratio of S’s units of length and time by making 
C’=C. If we further-change the absolute values of these units, we can alter 
the value of k, and we may agree to fix these absolute values so that k= 1. 
The change from coordinates a, y, 2, T to 2’, y’, 2’, 7’, or conversely, is now 
effected by a pure rigid body rotation of the axes. 


We may notice in passing that if the relativity-condition is satisfied as 
regards the transmission of light-signals, no set of axes a, y, 2, T in the four- 
dimensional space is geometrically more fundamental than any other. A 
change of velocity of translation is merely effected by turning the axes about, 
and no observer can claim on purely geometrical grounds that his system of 
axes provides a standard set from which all other positions of the axes ought 
to be measured. 


676. The simplest case of rotation of the axes occurs when every point 
moves parallel to one of the coordinate planes, say w,7. The formulae of trans- 
formation then assume the simple forms 

a =xcos6+7sind 
Ge 19008 0 SIMO a. supe etansn cae sacks (694). 
yay; 2=2 

To determine what physical meaning is to be assigned to 0, we notice that 
a’ = 0 when 

L=—T tan 9 =—tCt tan O 20... ..ccscreesceoees (695). 

Thus a point which the experimenter S regards as moving along the axis 
of « with a velocity —7C tan @ will appear to S’ to be at rest. In other words 
the axes of S’ move relative to those of S with a velocity — iC tan 0 along the 
axis of x Let us put 

Ame TAO) Waa aero susinns cnieeasenee et (696), 
then the transformation (694) is that appropriate to the case in which the axes 
of S’ have a velocity (u, 0, 0) relative to those of S, 


2-3 
Put Lo € ce a) ’ 
then « = cos @, and the formulae of transformation (694) become 
e=x(e—ut), y=y, =z, t=n(t—F) rt (697). 


677. Following Einstein we have found that the transformation relations 
(697) express the necessary and sufficient condition that the propagation of 
light-signals shall conform to the relativity-condition, We have already 
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noticed (§ 674) that the first relation x = «(#—ut) is simply an expression of 
the Fitzgerald-Lorentz contraction which is necessary if the Michelson-Morley 
experiment is to conform to the relativity-condition. We now have the further 
information that if all experiments of light transmission are to satisfy the 
relativity-condition, we must have the further relation 
L=E (¢ — as : 
The transformation (697), although we have obtained it by a method due 
mainly to Einstein, is commonly known as Lorentz’s transformation. For 
Lorentz had shewn*, before the appearance of Einstein’s paper, that precisely 
the same transformation expresses the condition that the ordinary electro- 
dynamical equations shall conform to the relativity-condition. 


678. Before proving this, let us examine some of the purely kinematical 
properties of the Lorentz transformation expressed by equations (697). 


Transforming to axes moving with a relative velocity w is equivalent, as 
we have seen, to turning the axes through an angle @ in the a, 7 plane, where 
6 is given by equation (696). Transforming to axes moving with a velocity w/ 
relative to these new axes is equivalent to turning through a further angle 0” 
given by 

w =—1C tan 6’, 

But these last axes can be obtained from the original axes on turning 

through an angle 6+ 0’, and we have 


: , tC (tané+tan’)  utu 
Cd fates patron Free eh 
1+ 


Thus the velocity of the last set of moving axes relative to the first is 
not u+w’; it is U, given by 


and we notice that uv is necessarily less than w+’ when both wu and w’ are 
positive. We should only have a right to expect that v would be equal to 
u+u’ if both S and S’ measured their lengths, times and velocities in similar 
ways, and this, under the Lorentz transformation, they do not do. 


As a direct consequence of equation (698), 
(C—u)(C—w’) 
. uw 
Clea) 
so that if w and w’ are each less than C, then v is necessarily less than C. 


C-—v= 


* Amsterdam Proc. (1904), p. 809. 
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Thus no possible compounding of velocities less than C can ever give a 
resultant velocity U greater than C. Asa special case if u’=C then v=C, 
regardless of the value of uw; the resultant of the velocity of. light and any 
other velocity is the velocity of light. 


Similar analysis will give the result of superposing two velocities not in 
the same direction, but the required formulae can be obtained rather more 
directly from the formulae of transformation (697), as we shall now see. 


679. Let a point move with velocity v, v, w relative to the axes used by 
S, so that 
L=Lyt+ Ut, YHYot Vl, SHA t WE ....crceeceeeee (699) 


and let the velocity of the same point relative to the axes used by S’ be 
u’, v’, w’, so that 
=O, Cb, Y =Yenvl, = 2 4 Wb wee seees (700). 


In these last equations, let us substitute Lorentz’s values for 2’, y’, z,U,as ~ 
given by equations (697). We obtain 


K(@—ut) =a + UK (¢ - aa) 
2 vu 
Y=Yo a= re(t = ma) 
and a similar equation for z. Differentiate these three equations with respect 


to t, putting ot U, etc., in accordance with equations (699), and we find 


y-u=u (1- Ge) 


from which follows directly 


U +Uu 
aS Uw 
1+ aD 
ve 
Si MONE mM TATUNG A cv tne bet See 702 
« (1+) Uy 
Ww’ 
ae UU 
«(1+ Gr) 


In these equations v, v, w may be regarded as the resultant velocity 
obtained by compounding velocities uw, 0, 0 and u’, v’, W’, 
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From equations (701) we obtain directly 


These are also a necessary consequence of equations (702), for uv’, v’, W’ 
is the velocity obtained by compounding velocities U, V, and — u, 0, 0. 


ELECTROMAGNETIC EQUATIONS. 


680. Following Lorentz* and Einstein +, let us now proceed to transform 
the general electrodynamical equations of Chap. XIX (§§ 621, 622), namely 


F (po +f) =o, Bt, cceseenrennen (704), 
a aS = 5a = ae CEC os ayielaw caer (705), 
a er bh tie ae aie (706), 

& 0 7 Bee (707), 


If y is any function whatever of a, y, z, t we have 
OX. OX Oe Clas (2% 4) 
Ox Oa’ 0x Ot On ox = Ot 
Oy  Oxdn'  dyot (dy dv 
Ot Oa’ Ot at aa = * (ae ~*) 
ENON Ox OY, 


Oy Oy’ dz dz’ 
The three equations (704) and equation (706) accordingly assume the form 


4qr df af\]_ oy 08 

el jpu+e(, ui) * By! Oz BOON OO COOH DAADOCU DOS. (709), 
Ar dg 0g\|_ ca Oy  w Ory\ 

Ts lpr+e( / us) | =~ (a Ga) nie iateveisierale (710), 


* Lc. ante, t Ann. d, Physik, 17 (1905), p. 916, 
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dr dh Oh a8 w28\_ 2a 
CG jew «(Sp “a >" oes a wee eeeees CELL 
eo KU af 
and we +38 - a 90 feel Sa C12) 
If we introduce a’, 8’, y’, f’, g', h’, defined by 
a’ = a, f'=f 
oe 4crw ae uw 
Bi=«(8+-G"A), 9 =«(9-g297) igaios (713); 


' 4 , 
f=e(y—Frg), W=0(h+z~78) 
then equations (710) and (711) may be written in the form 


4urr dg’\ da’ Or’ 
(py + a) Dy Die orefeleietera erin aie oiatateterareiens (714), 
4r dh'\ _08' Oa’ 
Gi (. at )= oat ~ by’ oer ee ec ccc creer eesees (715): 


681. We still require to transform pU, pV, pw to the new coordinates. 
The density p’ in the new coordinates must be such that 


p dx’ dy'dz' = pdadydz. 
Since the coordinates a’, y’, 2, r’ are derived from a, y, z, t by a pure 
rotation in four-dimensional space, we have 


Q (2, y's z, =) = pip pty 
OGY % 7) = 1, or da ay dz'dr = dady dzdr. 
dadydz _ dr’ -¢ Uw 
Thus Wadi an" (1- a) ie Sakae (716), 
so that p = pK (. — a) rial Ae seeh amo Bits snout (ALT 


Combining this with equations (703), we find at once that p(u—wu)=p’'U, 
pV=p'v and pw=p'w’. Thus equations (714) and (715) become 


aa 7, ag \ ek Oy 
ri. (6 Vv + iy) = ati Ae Piviats(elaleloielee'ssaelsielettalets (718), 
ap, ah'\ OB! * Oa’ 
= (P wet = Oa ~ By’ mis:0/s\als)eie alata valsiale(eitiniey ate (719). 


On multiplying throughout by « and using relations (718), equation (709) 


becomes df af 7 a ag! 
Aor 9 ) Cyl Ps 
C. [xp eof — me («5 wf * yf * ad |- dy oa”? 


which, by the use of equation (712), reduces further to 


4, Oy’ df" 
[ap (vw) +9 | = 55-97 
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Using the relation p(u—u) = p’v’ just obtained, and also the relation f=’, 
this becomes 


A (o 4 | ON 4Oe ye eee (720). 


C0 dt) oy’ b2' 


Finally, again He relations (713), equation (712) transforms into 
(ee oy _ 98) = 
oak i (2 a a Tae @ az) Gt 


Using the relation (720), which has just been obtained, this becomes 


[E0-8)] 1G -8)-00-8) 


or, multiplying throughout by « and using equation (717), 
Of eg oh 
On! a Oy ae az’ Sj P reer accneeereseccecceees 
682. We have now seen that if the new quantities a’, 0’, 7’, f’, g', V’ are 
defined by equations (713), then the electric equations (704) and (706), when 
transformed to coordinates 2’, y’, 2’, t’, resume their original form exactly. 
By precisely similar analysis we find that if 


@ =a, eee 


=n (b+5Z), y'=«(¥—Go) Seco (722), 


¢=«(c—ZY), Z'=«(Z +70) 


then the magnetic equations (705) and (707), when transformed to the new 
coordinates a’, y’, 2’, , will also resume their original form exactly. 

Thus it appears that the relativity-condition will be satisfied by all 
electromagnetic phenomena, if the relation between the forces as estimated 
by S and those estimated by S’ moving with a velocity (u, 0, 0) relative to S 
can be supposed to be those given by relations (713) and (722). If these 
relations are found, in actual fact, to be satisfied, it will be impossible to 
determine absolute motion by any electromagnetic means whatever. 


683. Consider first the form assumed by the relations in free space, for 
which we may take K=y=1. Here a,b,c become identical with a, 8, y, and 
a’, ¥’,c with a’, B’,y’. Also f, g, h become the same as X/4m, Y/4a, Z/4ar 
and similarly for f’, g’, hk’. The two sets of equations (713) and (722) are now 
seen to become identical, each reducing to 


a =a, AX’ =X 
een (6+%2). ¥’=«(Y- | 
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If u?/C? is neglected, « may be put equal to unity, and the forces X’, Y’, Z’ 
are exactly those which we found in § 628 for the forces on a unit (clignee 
moving with velocity (u, 0,0). Similarly the forces a’, 6’, y’ are easily shewn 
by the method of §572 to be precisely those which mould be acting on a unit 
magnetic pole moving with a velocity (wu, 0, 0). Thus there is direct experi- 
mental verification of these equations when u?/C? is neglected. 


When w?/C? is not neglected, it is naturally impossible to obtain direct 
experimental evidence of the accuracy of the equations. A complication arises 
from the fact that S and S’ are using different units of length in the direction 
of Oz, and on allowing for this and treating the problem in the manner of 
§ 656, it is at once found that the presence of the factors « in equations (723) 
exactly represents the complication introduced by the finiteness of u?/C*. 


Thus it appears, by what is not far short of absolute proof, that the 
relativity-condition is satisfied by all electromagnetic phenomena. 


684. The problem presented by phenomena in dielectric and magnetic 
media is naturally more complex. Various hypotheses have been put forward 
as to the relation between a’, b’, c’ and a’, 6’, 9 in moving magnetic media, as 
also regarding the relation between /’, g’, h’ and X’, Y’, Z’ in moving 
dielectrics. Some of these hypotheses are in agreement with relations (713) 
and (722), while some are not. Experiments have been conducted by various 
physicists, and in particular by H. A. Wilson and A. Hichenwald, with a view 
to discriminating between these rival hypotheses. In each case the victorious 
hypothesis is found to be in conformity with equations (713) and (722) 
above. 


Wilson* moved a dielectric body through a magnetic field and found that 
there was an electric polarisation (f’, g’, h’) set up of which the amount 
agreed very closely with that demanded by equations (713), And Hichenwaldt 
set a polarised dielectric in motion and found that it produced a magnetic 
field similar to that demanded by equations (713). Thus there seems to be 
experimental confirmation for every term in equations (713). Experiments 
on moving magnetic media have not been performed, but there seems to be 
little room for doubt that they would similarly confirm equations (722). 


If, on the strength of this evidence, we assume equations (718) and (722) 
to be fully confirmed, then we have shewn that the electromagnetic equations 
conform to the relativity-condition. In other words, all experiments to 
determine velocity through the ether are necessarily futile. If for the moment 
we assume that we are moving through the ether with a velocity uw in a 
direction which we call Oa, then we may consider that we are playing the 
réle of our observer S’, while an imaginary observer at rest in the ether may 
be supposed to be playing the réle of our observer S. But we have seen that 


* Phil. Trans. A, 204 (1904), p. 121. + Ann. d, Phys. 11 (1904), p. 421. 
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all electromagnetic phenomena would be exactly the same for us as for S. If 
we could deduce a velocity u through the ether for our motion, S would 
necessarily deduce a velocity w for his own motion, which would be contrary 
to the facts. By this argument, here put in the form of a reductio ad 
absurdum, we see the impossibility of determining our velocity through the 
ether. 


If at any time equations (713) and (722) are proved to be untrue—and, 
as we have seen, the remaining opportunities for proving these equations 
untrue are very few—then it will become possible, in theory at least, to 
determine our velocity through the ether. But for the present we shall] 
assume, as a working hypothesis, that it is in no way possible to determine 
velocity through the ether. This is commonly called the Hypothesis of Rela- 
tivity. We proceed to examine some of the consequences of this hypothesis. 


THE RELATIVITY HYPOTHESIS. 


685. This hypothesis commits us, generally speaking, to all the equations of 
the present chapter. It does not commit us to any special physical interpreta- 
tions of them. For instance, the first equation of the Lorentz transformation, 
namely x’ = x («—ut), may if we please be interpreted in terms of the Fitz- 
gerald-Lorentz contraction-hypothesis; we may postulate a fixed ether and 
the equation is then taken to shew that any length moving with a velocity 
(u, 0, 0) through the ether will be contracted in the direction of the a-axis 
in the ratio 1/«. Alternatively we may interpret the same equation in such 
a way as not to assume a fixed ether at all. Any observer S measures out a 
sphere which remains at rest relative to him; to a second observer S’ moving 
relative to S with a velocity (wu, 0, 0), this sphere will appear to be contracted 
in the ratio 1/« along Oz. 


In a similar way all the other equations can be interpreted so as to have 
no reference to a fixed ether: they may be taken merely as expressing relations 
between quantities as measured by one observer S and another observer S’ 
moving with a velocity u relative to S. 


The kinematical relations of Einstein, namely equations (702), may, on 
this interpretation, be regarded merely as laws for the composition of velocities. 
It appears that the simple laws of composition of velocities and of vector- 
addition—the so-called “parallelogram of velocities”—are no longer true if 
the hypothesis of relativity is true. The simple laws are true if u2/O? and w’2/C? 
are small, but not otherwise. 


Startling though this result may appear, there is almost direct experimental 
confirmation of it, as we shall soon see. 
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OPTICAL CONSEQUENCES OF THE RELATIVITY HyYPoruesis. 


686. The relativity hypothesis makes no claim to explain the nature of 
phenomena, it merely proposes, tentatively, a general law of a restrictive 
nature, which so far has appeared to dominate all known phenomena. All 
explanations of phenomena which conform to the limits of this restriction are 
equally permitted by this hypothesis, but the hypothesis serves to rule out, 
tentatively, all explanations which do not conform to the condition. Conse- 
quently it is only in rare cases that the principle of relativity by itself enables 
us to obtain a full solution of a problem. As an instance of such a case, we 
have seen that it enables us to determine the electric and magnetic forces in 
ponderable media. Other instances occur in cpacel phenomena, and to these 
we now turn. 


Fizeaw’s Water Tube Experiment. 

687. In Fizeau’s water tube experiment, a stream of water was made to 
flow through a tube, its velocity of flow being w relative to the earth, and a 
ray of light was passed through the water in the direction of its motion. To 
an observer moving with the stream, the water would appear to be at rest, so 
that the light would be propagated relative to this observer with a velocity w’ 
connected with the refractive-index v of the water by the relation u’ = C/v. 

According to the classical laws of kinematics, the light ought to travel, 
relative to an observer at rest on the earth, with a velocity w+w’ or 


Fizeau found it possible to measure the actual velocity by an interference 
method and formula (724) was not confirmed. The formula 


= +u(1-5) i ere eee (725) 


was found to represent the velocity accurately both for water and other trans- 
parent media. 

As we shall now see, formula (725) is not only consistent with the theory 
of relativity, but could also have been fully predicted by this theory. For the 
velocity in question is simply that which results from compounding the 
velocities u and C/v, and the resultant velocity obtained by the relativity 


formula (702) is 
C 1 
—+u u (1 — 4) 
v C v? 


If u?/C* is neglected this reduces the formula iste In this experiment 
we have very direct experimental confirmation of Einstein’s formula for the 


composition of velocities. 
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Reflection of Light from a Moving Mirror and Emission from 
a Moving Source. 


688. According to the relativity hypothesis, the velocity of light in free 
space is always equal to C. If the light be observed by an observer moving 
with a velocity w relative to the source, the velocity is still equal to C, for we 
have seen in § 678 that the velocity obtained by compounding a velocity C 
with any other velocity wu is itself equal to C. 


This consequence of the relativity hypothesis has been tested by Majorana. 
He first examined the light reflected by a moving mirror and found its velocity 
to be exactly equal to C independently of the velocity of the mirror*. Ina 
later investigation+ he tested the velocity of light emitted by a rapidly- 
moving source and found this to be equal to C independently of the velocity 
of the source. 


These experimental results are-of very great importance, for it will be seen 
that the Michelson-Morley experiment and the experiments of Majorana 
taken in combination establish the Lorentz transformation equations (697) 
as a fact of observation. The Michelson-Morley experiment shewed that the 
average to-and-fro velocity of light reflected from a mirror back to the source 
was the same for all directions in space. The Majorana experiments now 
shew that the result is true for the separate paths before and after reflection, 
so that the velocity of light, as measured by any observer, is the same for all 
directions in space. We now have as an experimental fact that, independently 
of the velocities of the source and observer, the wave-surface is a sphere having 
the observer as centre. This is precisely the supposition from which we started 
in § 675; it was found to lead directly to the Lorentz transformation (697). 


Aberration and the Doppler effect. 


689. As in § 591, the equation of wave-propagation in free space, namely 


BX rae 
de = OV'% 
has a solution 
2 
x = A cos a (la + my + 02 —Cb)....ececscccsecees (726), 


where /? + m? + n?=1, and this corresponds to the propagation of a plane wave 
of light of frequency v in a direction J, m, n. Suppose that the same ray of 
light appears to the observer S’ to be of frequency v’ and to be propagated 
in a direction U’, m’,n’, so that the solution of the wave-equation for S’ will be 


9 
x” = A’ cos Ae (Val + m'y! + n'2' OB)... cecccees eee (727). 


* Phil. Mag. 85 (1918), p. 163. + Phil. Mag: 87 (1919), p. 145. 
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On substituting for a’, y’, z’, ¢ in terms of 2, y, z, ¢ from equations (697), 
this becomes 


' ' Qar / , , aU 
x’ = A’ cos 76 | @— ut) + m’y + n'e— Oe (:-%) | : 


This expression must be identical with (726), so that by comparison we 


obtain 5 
ne 
K ¢ + 4) 
L 


Aberration. Equating the first and fourth fractions in equations (728) 
we find 


tee etn) 
7 OG) (728). 


m! 
m Vv 


This must, according to the hypothesis of relativity, be the exact formula 
for astronomical aberration. Let the observer S be at rest relative to any 
system of axes in uniform motion, while S’ moves relative to these axes with 
a velocity u along Ox. Then light which appears to S to arrive in a direction 
1, m,n will appear to 8’ to arrive in a direction /’, m’, n’, where l,l’ are related 
by equation (729). Put ?=cos ¢, ’=cos ¢’; then 

cos ¢’— cos =U —l= — sin? ¢’ ———~__. ; 
6} (1 +G cos ) 
If u/C is small, this reduces to the ordinary formula of practical astronomy, 
¢’--pd=sind’ (5) - 
Doppler Effect. Equating the last two fractions in equations (728), we find 


MR ae so oe (730), 


This is the full expression for the Doppler effect. If u?/C? is neglected, the 
right-hand member reduces to 
Uu , 
1+ G08 Ci 
which is the Doppler factor usually assumed. If the observer is moving 
directly towards the source of light with velocity u, we have cos¢’=1, and 
equation (730) becomes 


AN 
, 1+G 
| le le eos npeee x (731) 
v Fale 
a 


Jo 3 9 
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ACCELERATION, Mass AND Force. 


690. In formulae (702) we obtained equations for the velocity u, V, W 
obtained by compounding a velocity u, 0, 0 with a velocity uv’, v’, W’. When 
the velocity uv’, v’, w’ is so small that its square may be neglected in com- 
parison with C?, these formulae reduce to 


V=u+o a Uv’ ut 3) 

= —-20= 

: - a pe ee (732) 
Vv w | 

==; w= — 
K K 


Suppose that wu, 0, 0 is the velocity relative to S of a moving particle at 
an instant t=0. Let it appear to an observer S’, moving with a uniform 
velocity u, 0, 0, to have accelerations 

du’ dv’ dw’ 

OF? 1 Rat oF at 
these being measured in the coordinates used by S’. In formulae (732) let 
us put ; s 
=O dt, a dt, WRT ME coccteeeoe (738), 
then Uv, V, W will be the velocities, as measured by S at the end of a small 
interval dt’ as measured by S’. ; 


The times ¢, ¢ used by S and S’ are connected by equation (697), namely, 


a =K (: a =) ’ 
so that on differentiation with respect to ¢ following the particle in its motion, 
dt’ wu dx a i 
no (l- a a) =*(1- a) = PR a SS (734): 
Thus relations (733) may be replaced by 
Palade | 
U bar 7 ade dt, etc., 
and equations (732) become 
a 1idv’ Uhh 1 dw’ 
U= Utes ay ob = gp Ub “Bens ay vt were (735) 
‘tee nt Lue oy o5 56 accelerati 
de? di? dg me the accelerations as measured by S, we must have 
du 
=U+ di dt, etc., 


whence by comparison with equations (735), 
dy idu. “dy felgdy, dw_1dw 
ads iE a Gee apc (786). 
These formulae give the accelerations as measured by S in terms of the 
accelerations as measured by an observer S’ moving with the particle. 
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691. Let the accelerations be supposed to originate from the action of a 
force. Since the particle is ‘Supposed to be at rest relative to S’ at the in- 
stant t’ = 0, its equations of motion, in terms of the coordinates used by 8’, 
will be 
du’ ‘ dv’ ; m OW. 
eee i ee Tey 
where m is the mass, as estimated by S’, and P’, Q’, R’ are the components 
of the force, also as estimated by S’. 


Te, 


From these equations and equations (736), we obtain 


mrs uC =P; me = Q me Oe Be veveeees (737), 


and these will be the equations of motion as observed by S. 

If the particle is an electron of charge e, the values of P’, Q’, R’ will be 
eX’, eY’, eZ’, where X’, Y’, Z’ are given by equations (723). Substituting 
these, we find for the equations of motion of the electron as observed by S, 


The observer S will suppose the electron moving with velocity v to have 
longitudinal and transverse masses m; and m,; and his equations of motion 
for the electron will be 


mor = 0X 
dv U 
Rly =e(¥-Zy) fe Gee te eeeeces (739). 


mae (2+ G8) 


By comparison with equations (738) 
LD NLL Nam TUL, ee EEE (740). 


692. These are precisely Lorentz’s expressions for the longitudinal and 
transverse mass of a moving electron (§ 664), which we have seen to be fully 
confirmed by experiment (§ 665). In deducing these expressions in § 664 
we supposed the inertia to be produced by a magnetic field in the ether, so 
that v denoted the velocity relative to the ether, but the theory of relativity 
shews that v may legitimately be supposed to mean merely the velocity 
relative to the observer by whom the accelerations are measured. A further 
difference between the two calculations may also be noticed. When the mass 

39—2 
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was regarded as arising from an ethereal magnetic field, it was possible to 
estimate the radius of the electron from a knowledge of the value of m; the 
relativity calculation does not make ‘any such estimate possible. 


We may notice that 
dv da 
mke—-=—(mkU); MK rear (mxV), etc., 


whence it follows that the equation of motion of an electron moving with 
any velocity U, V, W relative to any observer must be 


S(mev)=e(X+77-F8) 


d Ww uv 
S(mev)=e(Y+ha-ay) PR CHAN (741), 
d U 4 
<,(maw)=e( Z + o8- a) 
where « is now given by ; 
ee A aes 
— (1 a ET) settee (742). 


To shew that these are the true equations, it is sufficient to notice that 
they are invariant as regards transformations of the a, y, z axes, and reduce 
to equations (738) for one special direction of these axes. 


MoMENTUM AND ENERGY. 


693. The expressions on the right of equations (741) are the components 
of force on the moving electron as they would be measured by S (cf. §§ 629, 
653). If we denote these by P, Q, #, and if we regard 


MKU, MKV, MKW 


as the components of momentum of the moving electron, then the equations 
of motion (741) assume the form 


(Force) = (rate of change of momentum) ......0.066. (743). 
The rate at which work is done on the electron will be 
d d d 
Puvu+Qv+ Rw = mv @ (ev) + mv = («7) +mw = («W), 


and after simple algebraic transformation this becomes 


Pu+Qv+ Rw=5 (me?) oe ee (744), 


Thus if we suppose the energy of the electron to be mxO? +a constant we 
have the equation 


(Rate of doing work) = (rate of increase of energy). 
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In the equation, 

Hnergy = mic? + COnS......esscessnabbnaeesves (745), 
the additive constant is entirely at our disposal. If we take it equal to — mC, 
the energy is given by 

PMer ey = Gem) ares dearest eet near (746), 
and this reduces to the Newtonian kinetic energy $m(u? + v?+ w?) when the 
velocity is small compared with that of light. But it is generally more con- 
venient to put the additive constant equal to zero, so that the energy is simply 
m«C?, This may be regarded as representing kinetic energy mC?(«—1) and 
intrinsic electronic energy mC?. 


694. Let us put 
T’ = mC? (1 is *) ae E -(1- tt) 
K Cc? 
then a= mxU, etc. and equations (741) become 
ai(ac)~?+ (Gr) =@ 
These are analogous to the classical Lagrangian equations of motion of a 


particle. We must note, however, that 7” is not the kinetic energy, but is 
equal to the kinetic energy divided by x. 


CONSERVATION OF Mass, MoMENTUM AND ENERGY. 


695. In defining the energy of an electron to be mxC?, we have already 
arranged, by definition, that conservation of energy shall hold. The total 
energy of a system of electrons is }m«xC?, and from equation (744) it is at once 
apparent that if no work is done from outside the total energy remains 
constant. 


As a system of electrons change their velocities under their mutual inter- 
actions, the values of « for the different electrons will be continually changing. 
If the total energy remains constant, it is clear from equation (745) that Smx« 
must remain constant. Thus if in future we agree to define the mass of a 
moving electron as mx—the “transverse” mass of § 664—then it appears that 
conservation of energy will imply conservation of mass, 


The full principle of conservation of energy states that as energy is inter- 
changed between different modes of energy the sum total of energy always 
remains constant. Hence in order that the sum total of masses shall remain 
constant—.e. to secure complete conservation of mass—it is necessary that all 
forms of energy should possess mass, and energy # of any kind whatever must 
possess mass of amount 4/C?. 


For instance suppose that a system of electrons of energy #, and therefore 
of total mass Sm« equal to H/C, radiates away energy of amount &. The 
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final energy of the electrons is H — R, so that their final mass is £/C? — R/C. 
But the radiation possessing energy R must also possess mass R/C, so that 
the total mass of electrons and radiation remains equal to £/C?, and the total 


mass is entirely conserved. 


696. Our typical electron has been supposed to move with a velocity of 
components U, V, W relative to an observer S. Let us suppose its velocity 
relative to a second observer S’ to be uv’, v’ w’, when S’ moves relative to S 
with a velocity u, 0,0. Then the two sets of velocities are related by the 
kinematical equations (702) and (703) of § 679. 


Let us write 
1 U2 + v2 + Ww? -4 


1 
F Gis V4 w’2 "04 
je @ i} RE ee (747), 


so that x, is identical with the « of § 679. On using the values of uv’, v’, w’ 
given by equations (703), we find | 


=qy2 
U2+y24 yw” (= u)? a3 (1 i) te car W*) 


1 ia 


C2 Uu\? 
o*(1-G) 
u U?+ 2+ w? 
(eroleome a 


so that, on raising each side to the power — 4, 


K =Kky @ — o ) BE PLR BAR AR fi (748), 


or, again using the first of equations (708), 
K'U' = Kx, (U—Uu). 
: ae both sides by m, and summing over all the particles in the 
eld, . 
=mkK'U’ = Ky SnnU — uK, Sm. 

Let M, uz denote the total mass and total z-momentum as observed by 8, 
and let M’, pu,’ denote the same quantities as observed by 8% Then our 
equation may be written 

ids pea = Ky Meg — Uky MEd Meee (749). 

Similarly, since S is moving relative to S’ with a velocity — wu, 


pis = Ry py Purp Maen ae (750). 
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If the total energy of the system remains constant throughout any motion, 
M and M’ must remain constant, so. that p, and He necessarily remain 
constant. Thus conservation of energy implies conservation of momentum. 


697. Asa particular case, let us suppose the velocity of the axes of 9’ 
chosen so that 4’ = 0. Thus S’ moves with the centre of gravity of the system, 
and this centre of gravity moves relative to S with a velocity uw along Ou. 
Putting uw,’ =0 in equations (749) and (750), we find 

Pa = uM, 
M=x,M’. 

Thus the z-momentum observed by S is u times the total mass observed 

by S. The total mass observed by S is «, times the total mass observed by 


S’. And, if we take the energy equal to MC, the total energy observed by S 
is « times the total energy observed by S’. 


698. Returning to the analysis of §696, let us suppose that the system 
emits a beam of radiation along Ox. Let the energy of this beam as estimated 
by S be &, so that its mass is #/C?, and let its momentum as estimated by S 
be R, along Ox. Let accented letters denote the same quantities as estimated 
by S’.. Then in order that equation (749) may be true both before and after 
the emission of the radiation, both mass and momentum being assumed to be 
conserved, we must have 

Ry! = ty Ry — Uy B/C? 

This equation is true for all values of u. Take u equal to C,so that S’ 

moves with the beam of light. Then R,’=0, and the equation becomes 


Thus the momentum of a beam of light, as measured by any observer 
whatever, is equal to (1/C) times its energy. Or, again, the momentum is 
equal to C times the mass. If W is the energy of the beam per unit volume, 
the momentum per unit volume will be W/C, and the flow of momentum per 
unit area of cross-section will be C times this, and so equal to W. Thus the 
pressure of radiation is equal to the energy per unit volume. 


This result was obtained in §592c as a consequence of the hypothesis that 
electric action was transmitted by an ether. It now appears that the result is 
in accordance with the hypothesis of relativity, and can be deduced as a direct 


consequence of this hypothesis. 
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Tur ENERGY AND MoMENTUM OF RADIATION. 
X 


699. In free space the fundamental equations (618) and (614) of p. 559 


assume the form 
4npu _1dX _ dy eB 


hiv) a 0 ‘dt ~ By oe CUGi +6 sete ie cetera boondan (752), 
1d aZ oY 
caer Blogga ae (758). 


Multiply these six equations by X, Y, Z,—a,—8,—y¥ respectively and add 
lait sides, We obtain 


p(Xo+Y¥v+4w)+; t (xa4 Y?+ Z?+ 0+ 8? +9’) 


Oa 
Ey _ 70) -2 a= )- 2 (xp - Ya) 
= A LY ay / az . 


Multiply both sides by C/4a and integrate throughout any closed space. 
Assuming that the distribution of electric density p arises entirely from 
electrons, we obtain 


Se (Xu+ Pv+Zw) +6 Are | {fm Y? 4 24 of + B+ 9") dedyde| 


=< ={ | I (Vy — ZB) +m (Za— Xy)+n(XB— Ya) dS ......(754). 
In §693, we put 


Multiplying these relations by U, V, w and adding we find, after a further 
use of equation (744), 


e(Xvu+ Yv+Zw)=Put+ Qr+ Rw a5 (m«O?). 
Thus equation (754) becomes 


= | Sie ales 4 P24 Bt 8 + B+ 9) dody de| 


mk [equ ZB) + oe dS...(T55). 


Now let the closed space be allowed to extend to infinity, so that the 
integration is through the whole of space. The surface integral on the right 
of equation (755) now vanishes, so that the left-hand member must also 
vanish. In other words, throughout the motion of the system of electrons, 


i 
Smee? + = | | [e+ Y? + Z?-+ 02+ 2% +) dexdydz = cons. ...(756). 
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If R is the energy radiated away from a system of electrons, we have 
already had the relation 
mC? + R =cons., 
whence it appears that the volume-integral in (756) must represent radiated 
energy. 


If we assume the radiated energy to be localised in space according to the 
distribution of the integral, then the flow of energy into any closed surface 
must be represented by the surface-integral on the right hand of equation 
(755), and this flow is precisely that given by the Poynting Flux of § 576. 


700. Again, let us multiply the six equations (752) and (753) by 0, y, 
— 8,0, Z,— Y and add. We obtain 
rw ld 
4arp (Gr-G ) a Ga (ly - 4A) 
Bees (X?— Y?—-Z? + a? — B? — 4?) + ax VE aay 9 xz + ary) 
20a oy 0z 


Qa 08, dy\_ y/aX , a¥ 2 
rit ech sutioa) ac vap-tay See 
Dividing throughout by 47, and using equations (615) and (616), this 


becomes 


V Ww UL ie! 
p (x a a B) +7 oGity — ZB) 


-Z |g -P-2+0--y)| +2 | EY +as)| 
+2 E (X2-+0)| (757). 


Integrating through a closed surface as before, this becomes 
Se (x +59 = es +eo5ll (Yy — Z8) dadydz 
=-[[[ ee Y?— Zi 4 o8— 629?) + (XY +08) 
al i (X54 ay) dS. 
Using the first of equations (741), the left-hand member becomes 


2 | Smev — | iil (Yy — Z8) dedyde| Sey (758). 


If the integral is taken through the whole of space, this expression must 
vanish, so that the quantity inside square brackets must remain constant. 
The first term Sm«u is the z-momentum of the electrons, so that the second 
term must represent the «momentum of the emitted radiation, This is 
identical with the formula found for the momentum in the ether in § 655; it 
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has now been obtained, independently of the assumption of an ether, as a 
general expression for the momentum of radiation. 

If we assume the momentum to be localised in space according to the 
distribution of the integral, then equation (757) can be interpreted as shewing 
that there is a flow of z-momentum per unit area at any point, whose com- 
ponents will be Pyz, Pay, Paz, where 


Peg= go (X*— Y?— Z?+02— B?— 9), 


Pay =7-(XY + af), ete. 


These are precisely the quantities we obtained in § 655 to represent the 
components of stress in an assumed ether. On the relativity-theory, they 
appear in a much more general way as representing the flow of momentum 
in space. 


Tuer EXISTENCE OF AN ETHER. 


701. Throughout the earlier chapters of this book, we treated the existence 
of an ether as a working hypothesis. Maxwell and Faraday appear to have 
had no doubt that the ether had a real objective existence, but no proof that 
it exists outside our own minds has ever been obtained, and it seems best to 
regard it merely as a working hypothesis, to be discarded if it is found to lead 
to contradictory or impossible results, and to be retained if it proves to be 
useful as well as self-consistent. 


The considerations which have seemed to favour the hypothesis of an 
_ objective ether are mainly the following: 

(i) That light and other forms of electromagnetic action are propagated — 
with a uniform velocity C, which is most naturally interpreted as a velocity of 
propagation in a medium of some sort. 

(ii) That the hypothesis of an objective ether explains electrical forces 
with comparative simplicity as arising from systems of stresses transmitted by 
the ether. 

(iii) That the hypothesis of an objective ether gives a simple account 
of electromagnetic energy as being the energy of a medium in a state of strain — 
and stress. 


The force of the first consideration is very much weakened by the dis- 
covery, resulting from the Michelson-Morley experiment, that the velocity of 
propagation is the same for an observer moving through the supposed ether as 
for one at rest. We have seen in the present chapter that this fact, whether we 
assume an ether to exist or not, requires us to adopt systems of kinematics 
and dynamics which are different from the old classical systems. The con- 
sequences of these new systems of kinematical and dynamical laws are found 
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to be confirmed by experiment. If they had not been confirmed, we should 
-have reached an impasse; the circumstance that they are confirmed provides 
no definite information on the question of the existence of an ether. But the 
hypothesis of an ether is weakened to this extent, that the theory of relativity 
has shewn that the results in question, although possibly admitting of an ex- 
planation in terms of an ether, are necessary consequences of the simpler 
supposition that phenomena are the same for all observers, no matter with 
what velocity they are moving. And the simplest way of all of arranging that 
phenomena shall be the same for all moving observers, is to suppose that there 
is no ether at all; all moving observers then necessarily stand on the same 
footing, for there is no fixed framework by which their motion can be estimated. 
The hypothesis that there is an ether may give a possible explanation of the 
_phenomena, but the hypothesis that there is no ether provides an equally 
possible and very much simpler explanation. 


If we still wish to retain the hypothesis of an ether through which light 
and electromagnetic phenomena are propagated, we must adjust the properties 
of this ether to agree with experiment. Now we have seen (§ 688) that, no 
matter how an observer and a source of light move, the wave-surface formed 
by the light emitted at any instant will be a sphere having the observer as its 
centre. If the observed constant velocity of light is simply the constant velocity 
of propagation through an ethereal medium, it would seem to follow that each 
observer must carry a complete ether about with him. This at least robs the 
ether of the greater part of its reality. We cannot quite go so far as to assert 
that the ether is reduced to a subjective imagination, as a simple analogy will 
shew. A number of travellers may all see what they would describe in ordinary 
language as being the same rainbow. The angle of the rainbow would be the 
same for each traveller, and no amount of travelling towards the rainbow would 
cause it to subtend a greater angle. If the travellers compared observations 
they would have to conclude that each traveller carried his own rainbow about 
with him. This would not, however, prove the rainbow to be merely a sub- 
jective illusion; when the rainbow disappeared for one traveller it would 
disappear for all. Considerations such as we have mentioned do not prove in 
strictness that light cannot be propagated through an ether; what they prove 
is that if an ether exists, it must be something very different from the 
absolutely objective ether imagined by Maxwell and Faraday. 


The hypothesis of an ether shewed great aptitude for explaining either 
electric or magnetic forces in systems at rest; a simple system of pressures 
and tensions was found to account perfectly for the observed forces. On the 
other hand the same explanation cannot account for both electric and 
magnetic forces simultaneously. If, as is usually assumed, the electric forces 
are accounted for by simple pressures and tensions, then some other ex- 
planation must be found for magnetic forces, and the hypothesis of ether- 
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stresses loses its principal advantage. Further it has been found that the 
hypothesis of an ether at rest fails entirely to account for the forces in- 
systems in motion (§ 655). To account for these forces, it appears that the 
ether must be supposed endowed with momentum. On the relativity-theory 
also we have seen (§ 700) that the forces can be explained in terms of a flow 
of momentum. The relativity-theory has thus shewn that what is essential to 
the ethereal explanation is not the ether but the momentum with which it was 
supposed to be endowed. It is quite easy to imagine a flow of momentum 
without there being an ether to carry it, and the conception of forces and 
pressures arising from a flow of momentum is one with which we have become 
familiar in other branches of physics, as for example the Kinetic Theory of 
Gases. 

Almost similar remarks apply to the interpretation of electromagnetic 
energy. Stress in the ether would account quite simply for either electric or 
magnetic energy, but not for both. Usually the energy of ethereal stress is 
regarded as electrostatic energy, so that kinetic energy of the ether must be 
invoked to account for magnetic energy. Again the ether has to be supposed 
endowed with motion, but the motion requisite to account for the magnetic 
energy is something quite different from that corresponding to the momentum 
required to account for electromagnetic forces. So far from the ether providing 
a simple explanation of all phenomena, it is found that highly complex pro- 
perties must be ascribed to it in order to account for electrical and magnetic 
properties simultaneously. 

If an ether existed, it would provide a fixed set of axes relative to which all 
positions and velocities could be measured. To account for the result of the 
Michelson-Morley experiment, it would be necessary to postulate a real 
shrinkage of all bodies moving through the ether. This shrinkage could not ~ 
be detected by mechanical means, for a measuring rod would shrink in precisely 
the same ratio as the body to be measured, but it could be detected by gravi- 
tational means unless every gravitational field of force shrunk in just such a 
way as to conceal the shrinkage of matter. For instance, if the gravitational 
field did not shrink, the geoid, or surface of mean sea-level on the earth, might 
be a gravitational equipotential for some one velocity through the ether, but 
could not remain an equipotential as the earth’s velocity through the ether 
changed from point to point of its orbit. Thus we might anticipate seasonal 
and daily tidal surgings as a result of the earth’s motion through the ether. 
No such events are observed. It is true that even if these occurred the 
earth’s motion through the ether might not be sufficiently rapid for them to 
be capable of observation, but the generalised theory of relativity, explained 
in the next section, makes it clear that such events could not be observed 
whatever the earth’s motion might be. There is no longer any room for 
reasonable doubt that gravitational phenomena conform to the relativity 
condition, 
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If, then, we continue to believe in the existence of an ether we are 
compelled to believe not only that all electromagnetic phenomena are in a 
conspiracy to conceal from us the speed of our motion through the ether, but 
also that gravitational phenomena, which so far as is known have nothing to 
do with the ether, are parties to the same conspiracy. The simpler view seems 
to be that there is novether. If we accept this view, there is no conspiracy of 
concealment for the simple reason that there is no longer anything to conceal. 


GENERALISED RELATIVITY. 


702. In discussing the transmission of light-signals in § 675, we made the 
assumption that light travelled in straight lines with uniform velocity. If 
space and time were known to be uniform throughout their whole extent, 
no such assumption would be needed; the uniformity of velocity and the 
straightness of path would be direct consequences of the uniformity of time 
and space. 


The theory of relativity has however developed in such a direction that 
space and time can no longer be supposed to be everywhere uniform. In the 
early days of the theory it was noticed that Newton’s inverse-square law of 
gravitation did not conform to the relativity-condition, and in 1915 Einstein 
put forward a theory of generalised relativity according to which all gravita- 
tional phenomena are the consequences merely of departures from uniformity 
of time and space. 


According to Einstein’s theory, the properties of both time and space in 
the neighbourhood of a gravitating mass differ from those in regions far 
removed from all matter. The properties of space in the latter regions can be 
adequately described by the geometry of Euclid, but those in the neighbour- 
hood of gravitating matter need a new geometry for their description. 


In ordinary space, as described by Euclid’s geometry, parallel lines never 
meet. Other geometries and other spaces can, however, be imagined. For 
instance, two lines drawn upon the earth’s surface, through two points on the 
earth’s equator, both running due north, and so running exactly parallel to 
one another, will ultimately meet in a point—the North Pole. We see that 
the geometry of a spherical surface is different from that of a plane, so much 
so that almost all the ordinary theorems of Euclidean geometry fail when 
applied to a spherical surface. 


The geometry required by Einstein’s gravitational theory is much less 
simple than the spherical geometry we have just used as an illustration. Itis 
not concerned with two-dimensional surfaces, or even with a three-dimensional 
space. It is concerned with a four-dimensional continuum, of the type con- 
sidered in § 675, in which three space-coordinates and one time-coordinate 
are plotted parallel to four rectangular axes, In the neighbourhood of gravi- 
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tating matter this four-dimensional continuum is supposed to be curved 
somewhat in the way in which the earth’s two-dimensional surface is curved. 
A circle of diameter 1000 miles drawn round a point on the earth’s surface 
will not have a circumference of 10007 miles, as it would be if the circle were 
drawn on a plane, but of only about 9977 miles. In the same way, according 
to Einstein’s geometry, the circumference of a circle of radius 7 drawn about 
a gravitating mass is not precisely 27r, but is less by a fraction which is pro- 
portional to the mass and falls off as we recede from it. 


As a consequence of the special geometry of a spherical surface, it is not 
possible to draw a map on a plane surface so as to shew all the parts of the 
earth’s surface simultaneously in their proper shapes and relative sizes. This 
results from its not being possible to select coordinates 2, y on the earth’s 
surface such that the element of length ds is given by 


dst sda dy ate ae (759) 


at all points of the surface. The simplest coordinates it is possible to select 
are the ordinary 6, @ of spherical polar coordinates, in terms of which the 
element of length on the surface of a sphere of unit radius is given by 


ds? = dO® + sin? OdG* sessecssesesssesseeeees (760). 


According to Einstein’s generalised relativity, the element of length in the 
four-dimensional continuum can be expressed in the form* 


dst =dar def dts del. .ceewsesecaeeg ee oe (761) 


only in regions which are far removed from all gravitating matter. This form 
for ds* is of course analogous to expression (759) for the value of ds? on a plane 
surface. As in § 675, 7 stands for 1Ct where 1 = »/(— 1). 


If we replace 7 by its value iCt and transform from the space coordinates _ 
x, y, 2 to the usual spherical polar coordinates r, 0, ¢, equation (761) assumes 
the form 
ds? = dr? + r°d6? + 1? sin? Odg? + OP dé? ..........c005. (762). 
Einstein’s theory requires that in the neighbourhood of a gravitating 
particle of mass m, equation (762) shall be replaced by 


dr 
dst = —T— + r8d6+14sin* 6ag* — C#(1— 2%") ae ..(768). 
hace 


A particle describing a “geodesic” or most direct path—defined by 
éfds=0—in this space, can be shewn to change its coordinates a, y, z, t in 
very approximately the same way as a particle describing an ordinary ellipse 
or hyperbola in ordinary space about a mass m under a law of attractive 
force ym/r*. The agreement, however, is not quite exact, and Einstein’s theory 
is found to require three phenomena which were not predicted by, and are in 


* In technical investigations on Relativity — ds? is usually written for our ds?, 
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fact inconsistent with, the classical Newtonian theory; first, the perihelia of 
all the planets ought to advance at a rate which should be easily detected in 
the case of Mercury; second, light passing near to the sun ought to shew 
an appreciable deflection; and third, the spectral lines emitted in a strong 
gravitational field such as that of the sun ought to be seen shifted slightly to 
the red when compared with the corresponding lines emitted in the weak 
gravitational field of the earth. Of these three phenomena, the first had been 
observed by Leverrier long before any explanation was forthcoming, the second 
was observed as soon as it was looked for, first in the solar eclipse of 1919 and 
subsequently in that of 1923, while the third is still in doubt, on account of 
the extreme difficulty of the observation and the smallness of the quantity to 
be measured. But the quantitative agreement in the case of the first two 
phenomena is so good that no doubt is felt as to the substantial truth and 
accuracy of Einstein’s theory. 


In brief Einstein supposes a particle in a gravitational field to describe a 
straight path through a curved space* whereas Newton had imagined it 
to describe a curved path through a straight space. Newton imagined the 
curvature of path to result from the action of “forces” which emanated from 
the gravitating mass, and tried, although without success, to interpret these 
forces as stresses transmitted by a gravitational ether. LEinstein’s theory 
abolishes the conception of gravitational “force” and so escapes altogether 
the dilemma of having to suppose these forces either to be transmitted 
through a medium or by direct action at a distance. 


Weyl’s Electromagnetic Theory. 


703. This dilemma of action through a medium or action at a distance 
is precisely that which has led to most confusion in electromagnetic theory 
(cf. § 154). If it can be avoided in gravitational theory, it would seem 
reasonable to hope that an electromagnetic theory could be constructed which 
should also avoid it. 


This has in actual fact been attempted. Weyl in 1918, followed by Eddington 
in 1921, shewed that Einstein’s geometry is far from being the most general 
geometry in which the relativity-condition is satisfied. In the expression 
(763) which specifies the element of length ds on Einstein’s theory, the 
coefficients of the differentials dr, rd6, rsin 0d¢ and dt are functions solely of 
the position of ds in space. With certain conventions as to the meaning and 


* It must always be remembered that the space in question is four-dimensional; otherwise 
the statement appears nonsensical. It would be absurd to say that the approximate semicircle 
described by the earth between perihelion and aphelion is the most direct path between these two 
points; it is only when the six months interval in time is taken into account that the statement 
begins to appear reasonable. We can get rid of the time-interval by supposing the particle to 
move with infinite velocity in which case the path becomes a straight line even in ordinary three- 


dimensional space. - 
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method of the measurement of length*, we may deduce from this expression 
that the length of a measuring rod would change as it was moved about from 
place to place in a gravitational fieldbut that its length at any instant would 
depend solely on its position in space. Indeed we may be even more precise, 
for the coefficients of the differentials in expression (763) all depend on the 


single quantity 1 — ae which in turn depends only on the gravitational 


potential ym/r, so that the length in question depends only on the gravi- 
tational potential at the place. 


In the most general geometry possible in a space of coordinates 2, y, 2, T, 
a measuring rod of length J moved parallel to itself through a displacement 
da, dy, dz, dr may be expected to experience a change of length di defined by 


db =1 (Fda + Gdy + Hdz+ Kdr) .ccscccsesseeee (764), 


where F, G, H, K may be the most general functions of the position of the 
point. If the rod is moved from one point P to any other point ae its whole 
change of length will be given by 


log “ = Ae (Fda + Gdy + Haeob Kat) csnsacnccdots (765). 


In Einstein’s geometry, lg and lp depend only on the positions of P and Q, 
so that the integrand on the right is necessarily a perfect differential. The 
condition that this integrand shall be a perfect differential is expressed by 
the six equations 


oH 0G ok oF 


By oa. eo 
oF oH ok aoG ey 
Ge oe 7 Bp ge Op (766). 


2G..8F. > 8K aH, 
Oe Oy’ os OT 


In Weyl’s geometry, on the other hand, the integrand on the right hand 
is not in general a perfect differential, and the six quantities which constitute. 


* Unfortunately it is round these conventions that the difficulties of the subject mainly centre. 

It is meaningless to speak of a measuring rod changing its length unless there is something more 
absolute against which it can be measured, and the complexities of the theory, especially of 
Weyl’s theory, turn on the properties of the imaginary gauges or meshes against which material 
objects may be measured. It is impossible to give a full discussion in the present book. The 
student who wishes to pursue the subject further may be referred to 

Eddington, Space, Time and Gravitation. : 

Eddington, The Mathematical Theory of Relativity. 

Weyl, Raum, Zeit, Materie (French Translation, Temps, Espace, Matiere). 
It ought to be added that the brief sketch in the present book follows the exposition of Eddington 
rather than that of Weyl. 
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the left-hand members of equations (766), instead of vanishing, have values 
a, b, ¢, d, e, f so that 


= -,——C, =_— OS CU 


ax Oy dz Or 


704, If we restore its value iC¢ to 7, and replace K by ¢¥ and 2d, ie, af by 
X,Y, Z, the system of equations assumes the form 


df 0G, eet tery 

Oyomie 2-020 

oF oH ev 12G 

ie be By OTE pe (768). 
ag _or_ ov oH _ 

on Oy” oe) O GE 


On differentiating the three equations on the left with respect to a, y, z 
and adding, we obtain 
oa 0b dc 
aa * by * be 
The seven equations (768) and (769) are formally identical with the seven 
equations from which we proceeded to develop the general equations of the 
electromagnetic field in § 639. Weyl’s electromagnetic theory supposes that 
the identity is one not only of form but also of reality; he supposes an 
equation of the form 
‘ dl =«l(Fde+ Gdy+ Hdz—OWdt) ...........008. (770), 
to connect the change undergone by a rod on displacement with the three 
components of magnetic vector potential #’, G, H and the electric po- 
tential VY. This equation is identical with our former equation (764) except 
for the occurrence of the constant « which is necessary to secure that I, G, H 
and WV shall be of the appropriate physical dimensions. The only result of 
introducing this factor « is that the left-hand member of equation (765) must 
be replaced by 


Onsen ore aercas.e (769). 


la. 
tee 
after this « disappears and we reach equations (768) and (769) as before. We 
see that on Weyl’s theory the values of F, @, H, V at any point are determined 
by the rate at which a unit measuring rod changes its length as it passes 


through the point. 
On Wey!’s theory a material body has no permanent size associated with 


it. By many this has been regarded as an objection to the theory. The 
40 


1 
2 log 


J. 
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various attempts which have been made to avoid it, while retaining the 
obvious advantages of the theory, can hardly be discussed here. 


705. From equations (768) and (769) it is easy to develop the whole of 
the classical electromagnetic theory. i 

We notice first that equations (768) are identical with the six equations 
(767) which form a system symmetrical with respect to the four coordinates 
2, y, 2, t. This of course ensures that the equations satisfy the relativity 
condition. The first three of this system of six equations contain only the 
three coordinates 2, y, z; T is entirely absent from this set of three. From the 
set of three equations from which r was absent we obtained equation (769). 
From the corresponding three sets of equations from which @, y and z in turn 
are absent, it is of course possible to obtain three other equations of similar _ 
type. These are found to be 


_lea_ 0% _a¥ 
Cot ay oz 
lédb aX df 
Sa Tha (771), 
_ lt oY _ox 
Cot da Oy 


which are simply Maxwell’s equations of current induction (cf. § 574). 
On differentiating the three equations on the right of the system (768) 
with respect to a, y, z and adding, we find 
OA oY 0Z ev ov oy 10 
Go toy a Ss aprile | mrae: Cae shee 
Precisely as in § 640, it can be shewn that F’, G, H and V are not uniquely 
determined when the electric and magnetic forces are given. We again — 


suppose them to conform to the additional equation (643), namely . 
oF oG oH lov 
Gos ey MP Or a AOE. sinWbbleigctg dt « elses (773), 


which was imposed on them before. This equation satisfies the relativity 
condition, being symmetrical in the four coordinates x, y, z,7; in terms of 
the notation used in equation (764) it has the form 
OF 0G. 01 OK, 
nye + ay ap ra + ane 0, 
and so expresses that the vector (F, G, H, K) is of zero divergence. 
If we now introduce p, defined by 


equation (772) assumes the form 
OM OVS oe, Sad, OF, 
Day noe Loe, LOLORT wae SOOO OOOOOD Iw (775), 
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of which the solution, obtained as in § 645, is 


y — |[{leleedyde ae ae (776). 


Since our equations have all satisfied the relativity condition, these 
formulae must remain true for any rotation of the axes in the 2, Y, 2, T space. 
Writing : 

Ce Ceo eae lie 
WV Ae et See 
or oy? + 3a 0 Oe 
we notice that Vz in terms of the coordinates a, y, Z, T assumes the form 
C2 C2 0? 0? 
2 — ee _ — ~ 
“aa t aye t dat ara? 
which is obviously invariant for any rotation of the axes. 


Let us now take equation (775) which, in a, y, z, t coordinates, has the 


form 
Na AD egtrriaeds ce'e vat tebe oust eeark Cally: 


and transform to a new set of orthogonal axes, obtained by rotating the old 
axes in the a, y, 2, 7 space. As has just been seen the operator V2 will be 
the same in the new axes as in the old. Vis the component along the axis 
of + of the vector : 
—if, —iG, —7iH, —1K, 
while p is the corresponding component of the vector 
dg dy | dz 

Pipe Ogee oe owe 
or of the vector 

reece ey ._ W 

ee ee inl (ite mei (12S 

where U, V, W are the components of velocity of p. Thus after transfor- 
mation, equation (777) becomes 


; ah va _W 
V2 (—1L,F —il,G — tH + LV) = — 4r (- pGu-—” Gh—? G +p) 
where deste; ts, ti are the direction cosines of the old axis of r. 


Since this equation must be true for all values of l, J,, 1; and 1,, we 
deduce at once 


and two similar equations. Returning to the coordinates a, y, 2, t, these 
assume the form 


OF VOR Mor Tor” - U 779 
dat! oy? | oe OOF At9) 
and similar equations in G and H. These together with equation (775) 


constitute the equations of propagation of the four potentials F, G, H, V. 
40—2 
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By direct solution of equation (779) we obtain the value of Fin the form 
r={/ [pus dy ce ne ee 25 1505), 


with similar equations for G and H. 


Using equations (779) and (768) we find 
Gok or ere oe. ) 10x 
dnp a+ 0 a5 7 OOF 7 ak +3, t aa) * Oot 
lew (oF @F er 
=~ a5a7 (Ga yt ae ) 
and, by use of equation (773), this 


0/oF 0G dH) (oF , oF os) 

au (at By ar) ~ (oan + Oy Mae 

22 sR E el ees) 

Ser _ oy) dz\oz Ou 

-3-5 te A a ee A (781), 


giving Maxwell’s equations of magnetic force. 


Differentiating this and the two similar equations with respect to a, y, 2 
and adding, we obtain, by the use of equation (774), 


d d d awh 
de Sh ga es © a 


which is the equation of continuity (cf. § 622), shewing that electric charges 
have a permanent existence. 


706. Einstein’s gravitational theory was accepted as soon as the phenomena 
it predicted in opposition to the classical Newtonian theory were actually — 
observed. It is impossible for Weyl’s electromagnetic theory to establish itself 
in a similar manner since the phenomena it predicts are precisely identical 
with those of the classical theory of Maxwell. As a direct observational test 
is impossible, Weyl’s theory can only be judged by its inherent plausibility. 
It may be said to be the only theory at present in the field, Maxwell’s 
mechanism of stresses and strains in an ether having, for all practical purposes, . 
received its deathblow by the establishment of the restricted relativity 
theory. In its favour may be said that it gives a consistent account of 
electromagnetic phenomena on lines which, in view of the convincing experi- 
mental confirmation obtained for the parallel theory of gravitation, must be 
admitted to be in accordance with the general workings of nature. The 


principal objection which can be brought against it has already been men- 
tioned (§ 704). 


CHAPTER XXI 


THE ELECTRICAL STRUCTURE OF MATTER 


707. By the end of the nineteenth century, it was generally believed that 
all physical phenomena, with the possible exception of gravitation, were of 
electric origin. Associated with this was the belief that matter was a purely 
electrical structure. Positive and negative charges, arranged in combination 
in different ways, were supposed to give rise to all the various kinds of matter 
in the universe, changes in the positions and arrangements of these charges 
being regarded as the origin of all the phenomena of physics and chemistry. 


Various conjectures were made as to the actual arrangement of the positive 
and negative charges in matter, but positive knowledge was only obtained 
when the new experimental methods made available by the discovery of 
radioactive substances were brought into action. 


708. The special properties of radioactive substances originate from their 
spontaneously and continuously emitting rays of various kinds. If a beam of 
the emitted rays is allowed to traverse a strong magnetic field, it is found to 
be split up into three distinct beams, two of which are deflected in opposite 
directions, while the third passes straight on. The three types of rays in 
these three beams are known as a rays, 8 rays and y rays respectively. We 
have seen (§ 631) that a charged electric particle traversing a magnetic field 
will describe a circle of radius umC/eH. The curvature of the paths of the 
a rays is found to be the same as if the rays were positively charged particles, 
that of the paths of the @ rays is curved as though they were negatively 
charged particles, while the absence of curvature of the paths of the y rays 
suggests that they are not charged particles at all., The charges can be measured 
by shooting the rays into an electrometer. It is found that the a rays are 
rapidly moving particles each with a positive charge equal to twice the charge 
on an electron, and with a mass almost exactly equal to that of the helium 
atom. The § rays prove simply to be negative electrons moving with velocities 
comparable with that of light. The y rays are found to be radiation of the 
same general nature as light or X-rays, but of exceedingly short wave-length. 

If a thin piece of metal foil is placed in the path of a beam of a particles, 
the majority of the particles pass through without their paths shewing any 
appreciable deflection, but a small fraction of the total number are substantially 
deflected. From experiments under varied conditions, the deflections are found 
to be such as would be expected if only isolated small areas of the foil had 
the power of appreciably deflecting the particles, and the number of such 
areas is found to be equal to the number of atoms in the foil. Moreover the 
deflections observed are precisely those which would be expected if each of 
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these areas had at its centre a fixed particle which repelled the a particle 
according to the law of the inverse square of the distance. 

Investigations of this type led Sin E. Rutherford to put forward in 191la 
theory of the structure of the atom, generally known as the nuclear theory, 
which has stood the test of time and has now won universal acceptance. 
According to this theory, an atom consists of a positively charged central 
nucleus surrounded by a number of negative electrons, the charge on the 
central nucleus being such that the total charge of the atom is zero. 

The simplest atom is the hydrogen atom, consisting of only one electron 
and the positive nucleus. If —e is the charge of an electron, that of the 
positive nucleus of the hydrogen atom is of course +e, Next in order comes 
the helium atom consisting of two electrons and a positive nucleus of charge 
+2e. This positive nucleus is found to be exactly identical with the a particles 
of radium radiations. 

With insignificant exceptions chemical elements are known having re- 
spectively 1, 2, 3, ... electrons, and consequently nuclei of charges +e, + 2e, 
+ 3e, ..., up to 60 electrons and a nuclear charge + 60e (Neodymium). After 
this gaps appear in the sequence, which appears to end altogether at Uranium 
with 92 electrons and a charge + 92¢. The number which fixes the position 
of an element in this sequence is called its “atomic number”; for the elements 
of low atomic number, the atomic number is approximately equal to half the 
atomic weight. The first few elements with their atomic numbers are as 
follows: 


Atomic Atomic 
Number Element Weight Isotopes 
1 Hydrogen 1-008 
2 Helium 4 
3 Lithium 6:94 6,7 
4 Beryllium 9:02 
5 Boron 10°82 10, 11 
6 Carbon ie 
7 Nitrogen 14:01 
8 Oxygen 16 
£ Fluorine 19 
10 _ Neon 20°2 20, 22 
ill Sodium 23 
12 Magnesium 24°32 24, 25, 26 
13 Aluminium 26°96 
14 Silicon 28:06 28, 29, 30 
15 Phosphorus 31:02 
16 Sulphur 32°06 
17 Chlorine 35°46 35, 37 
18 Argon 39°88 36, 40 
19 Potassium 39°10 39, 41 
20 Calcium 40:07 40, 44 


709. As we have seen the mass of the negative electron is 9:00 x 10-% 
grammes. The mass of the hydrogen atom is about 1845 times this, so that 
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the nucleus has about, 1844 times the mass of the electron. In the helium 
atom the mass of the nucleus is about 7320 times the mass of a single electron 
and so outweighs the two attendant electrons in the ratio of about 3660 to one. 
As the ratio of atomic weight to number of electrons is about the same in all 
elements except hydrogen, it follows that in all elements other than hydrogen 
only about one part in 3660 of the total mass resides outside the central 
nucleus. For most purposes we may think of the centre of gravity of an atom 
as coinciding with its nucleus. 

Assuming the mass of the negative electron to be wholly electromagnetic, 
we have seen that its radius must be of the order of 2x 10-" cms. If the mass 
of the nucleus also is wholly electromagnetic, its radius must be much smaller 
than that of the negative electron; that of the nucleus of the hydrogen atom, 
for instance, would be about 10—*cms. There is direct evidence that the 
nucleus is exceedingly small, experiments on the scattering of a rays having 
shewn that a particles can pass within 2x 10-* cms. of the centre of an 
atomic nucleus, and yet be deflected in accordance with the ordinary law of 
the inverse square. 


These figures shew that both nuclei and electrons are very small in com- 
parison with atoms. The hydrogen atom whose radius is approximately 
0°53 x 10-* cms. is made up of only two constituent parts, each of radius 
2 x 10-* cms. or less. Since a positive and a negative charge cannot stand in 
statical equilibrium at a distance apart equal to several thousands of times 
the radius of either, we must suppose that the two charges maintain their 
distance as a consequence of orbital motion. The negative electron does not 
fall onto the positive electron for the same reason for which the earth does 
not fall onto the sun. In many respects an atom may be compared to a solar 
system, the heavy positive nucleus at the centre of the atom representing the 
sun and the electrons representing planets, the law of force between the 
nucleus and the electrows being the same as that between sun and planets, 
namely a force of attraction varying as the inverse square of the distance. 


710. According to the analysis of § 650, a negative electron describing an 
orbit about a nucleus must radiate energy. If H, e are the charges on the 
nucleus and electron respectively, and m the mass of the electron, the ac- 
celeration of the electron towards the nucleus is He/mr*, while the acceleration 
of the nucleus may be neglected in comparison, on account of its much greater 
mass. From formula (663), the rate of emission of radiation per unit time is 

2 p4 
a (Sedy + (Sev) + (Sem) ee (782), 

For the hydrogen atom, consisting only of one electron and a nucleus 

of equal charge, we may put 
E=-e=4774 x 10- el. stat. units, 


r= 0°53 x 10-* cms., 
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from which the rate of radiation is found to be 0°46 ergs per second. As a 
result of this loss of energy, the radius of the orbit ought to decrease. When 
the radius is r, the energy of the orbit is readily found to be —e’/2r, so that 
the rate of decrease of energy is 
e dr 
pert. de 
Putting this equal to 0°46 ergs a second, we find that —dr/dt must be 
equal to about 112 cms. a second. Since the radius of the orbit initially is 
only 0°53 x 10-8 cms., the distance between the two constituents of the 
hydrogen atom ought to vanish altogether in a fraction of a millionth of a 
second. 


‘Even in the light of common sense such a conclusion is preposterous; it 
is more so in the light of exact knowledge. So far as we know all hydrogen 
atoms, no matter how or where selected, are identical structures, all giving 
the same spectrum and all having precisely the same radius except for a 
reservation which will shortly be explained. There is not the slightest 
indication of any secular change in their properties, and a change of the 
rapidity of that just calculated is utterly out of the question. 


The conclusion to which we are driven is not merely that a normal 
hydrogen atom of the type we have been considering does not radiate as 
rapidly as is predicted by equation (782), but that it does not radiate at all. 
In some way the whole theory which has led to the conclusion that an 
accelerated electron must radiate energy is in need of amendment. 


711. This discovery, if it stood alone, would be extremely disconcerting. 
In actual fact it does not stand alone; it is only one of a long series of 


discoveries, each of which has indicated, with very little room for doubt, that, 


the classical mechanics of Newton and the classical electrodynamics of Maxwell 
both fail when applied to atomic phenomena. Since the beginning of the 
present century the need has been recognised for a wholly new system of 
dynamics, such as shall be applicable to physical phenomena on atomic and 
sub-atomic scales, and shall merge into the Newtonian and Maxwellian 
dynamics in the case of larger scale phenomena. In spite of much labour, 
this system of dynamics has not yet been found in its entirety. Fragments 
are known with fair certainty, although it is of course impossible to feel 
absolute confidence in any part of the system until the whole has been pieced 
together and seen to form a consistent structure. Fortunately the parts 
which are known with the nearest approximation to certainty are precisely 
those which are necessary in the discussion of the subject of the present 
chapter, the electrical structure of matter. 


712. In discussing the motion of a dynamical system as predicted by the 
classical mechanics, the usual procedure is to start from the general equations 
of motion, which are differential equations of the second degree, and attempt 


a, aa 
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in the first place to discover one or more first integrals of these equations. 
In many problems, for instance, the equations of energy and of linear and 
angular momentum figure as first integrals of the equations of motion, Each 
time a first integral is derived from the equations of motion a constant of 
integration is introduced, different values of this constant representing different 
states of the dynamical-system. Under the classical mechanics these constants 
of integration could usually have any value we chose to assign to them, or, 
if this was not possible, there was at least a finite continuous range of values 
open to each constant of integration. 

The distinguishing feature of the new dynamics is that there are no longer 
continuous ranges of values open to the constants of integration, but only 
certain definite discrete values. Generally speaking, the values available for 
each constant of integration are an infinite set associated with the natural 
integers 1, 2, 3, ... as, for instance, the set of values obtained by taking 
integral multiples of a given constant. Thus the constants of integration 
shew a sort of atomicity. 

A parallel can be found in the atomicity of electricity. In the earlier 
chapters of this book, we treated electric charges as being capable of con- 
tinuous variation; for instance, in calculating the energy of a condenser in 
§ 97 we treated the electric charge e as changing continuously and integrated 
with respect to de. In actual fact we know that in charging a condenser, the 
charge must move by whole electrons at a time. The procedure of treating 
the charge as capable of continuous variation was, nevertheless, legitimate so 
long as we were dealing with charges of billions of electrons; our step de 
could be quite insignificant in comparison with the total value of e, although 
representing perhaps a million electrons. The same procedure would, how- 
ever, lead to disastrous errors if it were followed in problems of atomic physics. 
An atom normally is an electrically neutral structure, the total charge of the 
positive nucleus and the negative electrons being zero. It is possible to 
charge it positively by withdrawing one, two, three or more electrons. Thus 
the atom can have a positive charge £, but H# is restricted to having the 
discrete values e, 2e, 3¢, ... etc.; it may not be regarded as capable of con- 
tinuous variation. 

In precisely the same way, although for reasons not clearly understood, 
the constants of integration in the new dynamics are limited to definite 
discrete values which may perhaps, in a similar manner, be integral multiples 
of a fundamental constant. It may for instance be possible for a constant 
of integration to have any one of the values 0, ¢, 2c, 3c, .... but no more 
possible for it to have the values $c or 3c than it is possible for an atom to 
carry the charges $e or $e. 

There is a further difference between the new dynamics and the old. 
Under the old dynamics a constant of integration was a true constant, and 
retained its value absolutely unchanged until the conditions of the problem 
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altered. The new dynamics has no knowledge of such absolute constancy. 
If a constant of integration can have any one of the values c, 2c, 3c, ... and 
has one of these values, say 2c, at a given instant, there is a possibility of its 
value taking a jump from the value 2c to some other value. It is usual to 
think of these jumps as occurring absolutely spontaneously, although this 
conception is probably only a cover for our ignorance of some underlying 
mechanism. 

The new mechanics was originally developed by Planck and others from a 
study of the phenomena of black-body radiation. In 1913 Prof. N. Bohr 
applied the new system to the problem of atomic. motions and was led to 
a theory of the nature of these motions which gained immediate acceptance 
and which has stood the test of time. This theory we shall now explain. 


Bowr’s THEORY. 


713. Let us consider the simplest case of a single electron of charge e 
describing an orbit about a nucleus of charge #, which, on account of its 
much greater mass, is treated as a fixed centre of force. In ordinary polar 
coordinates the equations of motion of the electron are 


m (7 — 716?) =— = Ateiiiee ee Seer (783), 


d A 
ans = Art) =O. Gil isl aie enna (784). 


Equation (784) at once yields the integral 
atr6 = cons: |i A4./ ee ee (785), 
but in accordance with the principles just explained, we may not suppose all 
values to be permissible for the constant on the right. We shall suppose 
that it is restricted to being an integral multiple of a fundamental constant 
which, to agree with an established notation, we shall denote by h/27. Thus 
equation (785) must be written in the form 


72, Omri] Darl ndesdelt hack bande (786) 


where 7 is an integer. Using this value for 6 to eliminate the angle @ from 
equation (783), we obtain 


ee LT awe. tel 
mr = bai (=) — Pry Occ e eee en eee seeeeeeeees (787), 
which, on integration with respect to 7, yields the integral 
: Le fth els ek: 
4 [mi tia (5) | CONS, eeteeeeeeeeeees (788). ~ 


Utilising equation (786), this assumes the form 


4m (r? +1262) — = = CONS. ac ccereren ete peoeeete (789), 
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which is at once seen to be the integral of energy, but again the constant on 
the right must be restricted to certain definite values, just as was the case 
with the right-hand member of equation (785). 


714. Before proceeding to the comparatively complicated general case, 
let us consider the simple problem of circular orbits. Assuming that circular 
orbits are possible, these will be obtained by putting #=0 in equation (787) 
giving 


As has been seen, the hydrogen atom consists of a single electron describing 
an orbit about a nucleus of charge e, while the helium atom consists of two 
electrons describing orbits about a nucleus of charge 2e. Thus on putting 
=e the foregoing analysis is applicable to a normal hydrogen atom, while 
on putting H = 2e it becomes applicable to a helium atom from which one 
electron has been removed—ie., to a positively charged helium atom of 
charge e. 

Thus the circular orbits in both these atoms are obtained by giving 
various integral values to Tt in equation (790). The radii of the various 
circular orbits which are possible for either atom are seen to be proportional 
to the squares of the natural numbers, and so to 1, 4, 9, 16, 25, ..., while the 
radii possible for the positively charged helium atom are exactly half those 
which are possible for the hydrogen atom. 


715. Mention has already been made of the possibility of what appear to 
be spontaneous jumps taking place in the values of the constants of integra- 
tion, and therefore also in the value of 7 in equation (790). We proceed to 
discuss these changes. 


Corresponding to the values of r and 6 determined by equations (786) 
and (790), the negative energy W of a circular orbit is found to be given by 
eH Ane Em 
eee 

The values of W form a discrete series, proportional to the inverse squares 
of the natural numbers. If a spontaneous change occurs in 7 it can only be 
from a higher value of 7 to a lower value, since any change in the reverse 
direction would lessen the value of W and so increase the energy of the 
system. If 7, is greater than 72, both 7, and 7, being integral numbers, a 
spontaneous jump from 7=7, to T=7, results in the system losing energy of 
amount 


W=- Amr® 62+ 


277eh?m (fl 1 
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According to Bohr’s theory this lost energy leaves the system in the form 

of radiation; indeed the theory supposes that the atoms we have been 
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considering do not emit radiation at all except on the occasion of jumps of 
the kind we have been considering. 


A change in the value of 7, then, results in a change in the amount of 
radiant energy in the space surrounding the atom. Now Planck, from his 
study of black-body radiation to which we have already referred, had concluded 
that the radiant energy of an enclosure, if it changed at all, must change by — 
jumps. The radiation in any space or enclosure can be analysed by Fourier’s 
theorem into trains of waves of different frequencies, and the energy of the 
radiation can be regarded as the sum of the energies of these trains of waves. 
The total energy of radiation may accordingly be thought of as the sum of 
the contributions from disturbances of different frequencies. Planck’s con- 
clusion was that the energy of radiation of each frequency must be an integral 
multiple of a certain unit, this unit being equal to a fundamental constant h 
multiplied by the frequency v of the radiation in question. Planck called this 
unit a “quantum.” Thus the quantum of energy of frequency v was equal to 
hy, and the total energy of frequency v, being an integral number of quanta, 
was restricted to being of amount thy where~r was an integral number. It 
followed that any change in the field of radiation must consist of a jump in 
the energy of the radiation of a definite frequency and must be equal in 
amount to an integral number of quanta of this radiation. 


In view of these results of Planck, it was natural for Bohr to suppose that 
when energy of the amount specified by formula (792) was set free into space, 
it formed one quantum of energy. This supposition by itself suffices to de- 
termine the frequency of the radiated energy. For hy, the quantum of energy, 
must be equal to expression (792) in order to satisfy the principle of the 
conservation of energy, and this gives the relation 


1 1 
y= N(=- =) cise ket te ee (793), 
where 
2726? H?2m 
N= [a (794) 


Thus Bohr’s theory restricts the radiation emitted from a hydrogen atom, 
or from a positively charged helium atom, to one of the frequencies specified 
by formula (793) where 7, and 7, are positive integers. This gives a series 
of detached frequencies, or what the spectroscopist calls a “line-spectrum,” 
whereas it is easily seen that the classical system of electrodynamics would 
have predicted a continuous range of frequencies or a “continuous spectrum.” 


716, The spectrum of hydrogen, as observed in the light from an ordinary 
vacuum tube, consists of a series of lines, the strongest of which (H,) lies at 
the red end of the spectrum while the remainder Gs Pe Biers spread out, 
at ever diminishing distances, towards the violet. As far back as 1885 Balmer 
had found that the frequencies of the different members of this series could 
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be represented, with very great precision (about one part in 200,000), by 
giving to n the values 3, 4, 5, ... in the formula 


oral E 
v= (5-3) A a eee (795), 


with VW =3:2902 x 10". It is clear that if we are free to assign this value to 
the NW which is defined by equation (794), then Bohr’s theoretical formula 
(793) will contain Balmer’s observational formula as the special series of lines 
obtained on taking r,=2. We are not free to assign any arbitrary value to 
the WN of equation (794) since the value of every quantity which enters into 
NV is known. The values of e and-m have already been given (§ 28); for 
hydrogen # is equal to e, and the value of h can be obtained from a study of 
the spectrum of black body radiation and in a variety of other ways. The 
best determinations of h give 


h=6'545 x 10, 
and on substituting these values for h, e and m, the value of NV given by 
equation (794) is found to be 

N= 3294 10) 
which agrees, to within the errors in the determination of e and h, with the 
observed value V = 3°290 x 10". 


It is, then, clear that NV has precisely the required value in equation (793), 
and that Bohr’s theoretical formula (793) includes Balmer’s observational 
formula (795) as a special case. It was this success of Bohr’s theory that 
brought about its immediate acceptance by the majority of physicists. The 
theory, however, requires that Balmer’s series should be only one of an infinite 
number. Other series are obtained by putting 7, equal to 1, 3, 4, 5, ... 0 in 
equation (793), and, if Bohr’s theory is correct, these series ought equally to 
appear in the hydrogen spectrum. The majority of the lines of these series 
were unknown when Bohr’s theory was first published, but all the predicted 
lines have been found which lie in the region of the spectrum which is acces- 
sible to observation. 


717. According to this theory the spectrum of positively charged helium 
is the same as that of hydrogen except that H in equation (794) must be 
replaced by 2e instead of by e, as for hydrogen. Or, if we denote the value 
of WV for hydrogen by Ny, the value of NV for helium will be 4. y and the 
spectrum will be given by 

f., dl 
y= Na (5-33) 

In this formula even values for both 7, and 7, give values of » which are 
identical with the whole system of values of v given by equation (798) for the 
hydrogen spectrum. The spectrum of ionised helium ought accordingly to 
shew all the lines of the normal hydrogen spectrum and, in addition, the 
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various lines which are obtained by giving odd values to 7, or 7,°or both in 
the above formula. This is in actual fact found to be the case, except for a 
reservation which must now be explained. 

In deducing formula (793) we assumed the nucleus to be so massive that 
it could be treated as a fixed centre of force. In actual fact the nucleus of 
the hydrogen atom has about 1844 times the mass of the negative electron, 
so that this assumption leads to an error of the order of one in 1844 in the 
value of V for hydrogen. For helium the ratio of the two masses is about 
7300 to one, and the predicted value of V for helium is in error by about 
one part in 7300. When allowance is made for these errors, the value of V 
for helium is not exactly four times the value for hydrogen, and the difference 
is shewn spectroscopically by the hydrogen spectrum not coinciding exactly 
with the corresponding lines of the helium spectrum. By. measuring the 
distance between corresponding lines Fowler deduced the value 1836 for the 
mass-ratio hydrogen nucleus and the negative electron. Allowing for the 
relativity correction and other refinements Paschen subsequently amended 
this to 1843-7, a value which is in excellent agreement with the values of this 
ratio determined by other methods. 


718. So far we have considered only circular orbits. The orbit of an 
electron about a nucleus is, however, in no way restricted to being circular; 
as the law of force is that of the inverse square the orbit may be elliptic, 
parabolic or hyperbolic. But, just as the radius of a circular orbit is restricted 
to having certain definite values, so the eccentricity of an elliptic orbit, as 
well as its major axis, is restricted to having certain values. 


An adequate discussion of the manner of calculating these restrictions 
would carry us too far outside the scope of the present book. The following 
will, however, suffice for the immediate purpose in hand, 


Let 1, de, Qs, --- be the generalised coordinates of any dynamical system, 
defined as in § 548, and let p,, p., ps, ... be the corresponding momenta 


defined by 
p= 7 etc. -siporeaiel naa oceaee (796), 

where # is the energy expressed as a function of q,, qo, qs, --. and Gis Gay Usys. ee 
For certain dynamical systems it is possible to deduce, by ordinary mechanics, 
a number of equations of motion such that only one coordinate and the 
corresponding momentum, ¢.g., g, and p,, enter in each. As we shall at once 
see, equation (784) is an equation of this type involving only the momentum 
corresponding to the coordinate 6, and equation (787) is another, for it involves 
only the coordinate r and the corresponding momentum m7. The solution of — 
such an equation will be the same as if the whole system had only the one 
degree of freedom corresponding to this one coordinate, so that either the 
coordinate will increase or decrease beyond limit, or will oscillate repeatedly 
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between two constant extreme values. In the latter case it is found that the 
proper restriction to apply to the motion of any coordinate g, is that given by 
Pai gy me THT ont «0 he a ee, (197); 
where the integration extends throughout a whole oscillation in the value 
of q, h is the constant already defined, and 7 is any integral number. 


For instance if g, is the coordinate @ in the orbit of an electron about a 
nucleus, the momentum, as defined by equation (796), is p,=mr?6. Equation 
(785) may accordingly be written in the form 

Pi = constant, 
which is of the required form, since it contains no coordinates or momenta 
other than p, and q. A complete oscillation extends from Q=0 to g=2r, 
so that equation (797) assumes the form 

27 py = th, 
or mr? 6 = cth/2, 
which is identical with our equation (786). 


Similarly, if g, is the coordinate r of the same orbit, p,=m* so that 
equation (787) is of the required form. The first integral of this equation is 
equation (788), and this may be written in the form 

3 + (F)] Mg 
m rm \2ar ; 


where W is constant, the negative energy of the orbit. This equation gives 
p.? as a quadratic function of 1/r; it may be written in the form 


TiN (eee Ler ek 
Bin ee) n ie) Mea) 


where 7, r, are determined by 
( x) =2Wm, (=) (= +) = Pel cesceen (798). 
1 
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In the course of a complete oscillation r varies from r, to 7, and then back 
to 7,. Thus the path of integration in equation (797) may be taken to be 
twice the range from 7, to r,, and the equation assumes the form 


2 (5) ie IG -7) é : =) [ar EF Seabee des (799), 


where 7’ is a new integer. Evaluating the integral by the transformation 


ne Lote 6 avai 6, 
(in Ys 
we readily obtain 
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Equation (799) now becomes 


/ 
T 


= 
2/ (rite) (Wry — Vr,)*” 
and each side is at once seen to be equal to 
tT+47 
ry+r. 
The elimination of 7, and r, from this equation and the two equations 
(798) gives 
= _ 2m? me? E? 
(r+ 7 Ph? 
We obtain all possible values for W by giving integral values to 7 and 7’. 


It is at once seen that no new values are introduced beyond those already 
discovered in equation (791). 


By a well-known formula the eccentricity e of the orbit is given by 
2 Wing Roetag' : 
—— me? L? amend (rT rf rT) eeereereeeeeeeeeeeeree 

and, since t and 7’ are necessarily integrals, it is clear that only definite values 


are permissible for the eccentricity. The semi-axes a, b of the orbit are 
related by 


—=l-é, 
so that equation (801) shews that b/a will be commensurable for all orbits 
which can be described. 


By a well-known theorem, the energy of an elliptic orbit is equal to that. 
of a circular orbit whose radius is equal to the semi-major-axis of the ellipse. 
It follows from equation (790) that the semi-major-axis a of an elliptic orbit 
is given by 


where ” is written for t+ 7’, while from equation (801) the eccentricity is 
given by 


The orbits n=1 (rT=1),n =2 (7 =1 or 2), n=3 (7 =1, 2 or 8) andn=4 
(7 = 1, 2, 3 or 4) are shewn in fig. 140*. The distance of closest approach 
to the nucleus is a(1 — e) which is given*by 


h? a 
a(1—e) =F n(n — Vint — 73), 


* Reproduced by permission from a paper by Bohr (Nature, July 7, 1923). 


a 
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The expression on the right has its minimum value when t=1 and 
n=, namely 
; ip 
Oe ana 
Thus the electron never approaches the nucleus to within a distance less 
than half of the radius of the smallest circular orbit. 


Fig. 140. 


719. Since the extension to elliptical orbits has introduced no new values 
of W, it follows that the spectrum will consist of those lines which were pre- 
dicted by the simple theory of circular orbits and no others. Nevertheless 
the possibility of elliptical orbits has introduced an essential difference into 
the spectrum. Since an orbit of any permissible energy W, or W, can now be 
described in more than one way, it follows that a fall from energy W, to 
energy W, can occur in more than one way, so that the spectral line which is 
produced by a fall from energy W, to energy W, may appropriately be thought 
of as the superposition of a number of lines, all of which, although having 
precisely the same frequency, are produced by different events. 


720. It is possible to separate out these coincident lines in a variety of 
ways. Perhaps the simplest is by placing the radiating atoms in a magnetic 
‘field. Each electronic orbit is affected by the field, and different orbits, even 
though of the same energy before the field was put on, will be affected in 
different ways. It follows that the spectral lines which were originally 
coincident will be displaced to different extents, as is observed in the Zeeman 
effect. It can be shewn that the explanation of the normal Zeeman effect 
which has already been given in § 635 holds valid even when the quantum- 
restrictions are applied to the electronic orbits. The anomalous Zeeman 
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effect presents a more complicated problem which can hardly yet be said to 
have been satisfactorily solved. 


The placing of the radiating matter in a powerful electrostatic field also 
results in a separation of the originally coincident lines, this being known as 
the Stark effect. The dynamical theory just explained provides a calculation 
of the separations to be expected in this case, and the predicted separations 
are found to agree very closely with those actually observed. 


721. But perhaps the most interesting feature of all is that there is a 
slight separation even when external magnetic and electric fields are entirely 
absent. In the analysis of § 713, we treated m the mass of the electron as an 
absolute constant, although we already knew (§ 660) that the mass varies with 
the velocity of motion of the electron. For circular orbits this does not matter 
much; the mass of course remains strictly constant throughout the description 
of any single circular orbit, although varying slightly from one orbit to another. 
But in an elliptic orbit the mass varies from one part to another of the same 
orbit. When allowance is made for this, the orbit is no longer strictly ellip- 
tical, and formula (800) only provides a first approximation to its energy. 
When the necessary additional terms are included, it is found that the value 
of W no longer depends solely on 7+ 7’, but on 7 and 7’ separately. It follows 
that each of the lines which our simple theory treated as a superposition of 
coincident lines must in actual fact shew a “fine-structure” of adjacent slightly. 
separated lines. Such “fine-structures” are easily observed in a powerful 
spectroscope. The theoretical separations to be expected have been calculated 
by Sommerfeld and others, and although the observed separations are so 
small as to make exact measurement exceedingly difficult, there seems no 
room for doubt that they agree with those predicted by theory. 


The dynamical theory of these phenomena is not given in the present 
book. The reader who wishes to study it is referred to the original papers of 
Bohr, Sommerfeld and others, or to the author’s “Dynamical Theory of 
Gases.” 


722. The new dynamics, as has now been seen, allots a definite size to 
the atom and so provides a mechanism by which atoms have a permanent 
existence, instead of radiating away all their energy and collapsing. For the 
hydrogen atom the minimum energy is found by taking 7+ 7’=1 in equation 
(800), and since 7 cannot be zero, this requires that r=1 and r’=0. Thus 
the orbit of minimum energy is the circular orbit of radius (cf. equation (802)) 


The electrons in hydrogen atoms can describe circular orbits of radii 
4,9, 16, ... times this and a variety of non-circular orbits as well, but this 
equation defines the hydrogen atom in its normal state of minimum energy. 
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On inserting the numerical values already given, we find a= 0:53 x 10-*cms., 
which is in good agreement with the radius of the hydrogen atom as found in 
other ways. 


Dewar found the density of solid hydrogen at 13°2° absolute to be 0:0763. 
Thus a cubic centimetre of hydrogen at this temperature has mass 0:0763 
grammes and consists of atoms of hydrogen each of which is known to have 
a mass of 1662 x 10-“ grammes. It follows that the number of hydrogen 
atoms in a cubic centimetre of solid hydrogen is 4°59 x 10”, so that the space 
occupied by each is 2:18 x 10-* cubic centimetres. This is the space that 
would be occupied if the atoms were spheres arranged in cubical packing, 
each being of radius 1:40 x 10-*cms. In § 150 we found that the dielectric 
constant of hydrogen is the same as if the molecules were spheres of radius 
0916 x 10-§ cms. A similar calculation would have suggested that the 
hydrogen atom might be regarded as having a radius equal to 1/\/2 times 
this or 0°723 x 10-* cms. Neither of these calculations can lay claim to great 
accuracy; a far more accurate determination of atomic dimensions is obtained 
from the Kinetic Theory of Gases. If the molecules of hydrogen are regarded 
as spheres, the three phenomena of viscosity, conduction of heat and diffusion 
agree in assigning to these spheres a radius of 0°68 x 10-* ems., while obser- 
vations on the deviations from Boyle’s law suggest the slightly lower value of 
0°64 x 10-'cms. Again the hydrogen atom may be supposed to have a radius 
equal to 1/;/2 times that of the molecule, so that the two values of the atomic 
radius are respectively 0:54 x 10-* and 0°51 x 10-8 cms., in close agreement 
with the value 0°53 x 10-* required by the electrical structure of the atom. 

It must, however, be noticed that the Kinetic Theory requires the atom 
to occupy a three-dimensional volume, whereas on Bohr’s theory the hydrogen 
atom is at most a disc. If we imagine this disc, the orbit of the negative 
electron, to be continually changing its orientation in space we pass naturally 
to the conception of the hydrogen atom reserving for itself, or perhaps clearing 
for itself, a spherical space equal in radius to the orbit of the electron. This 
conception is in accordance with the known facts of crystal structure. 


723. The theory of structures of more than two constituent parts 1s far 
less advanced, no satisfactory mechanism having yet been devised for either 
the helium atom or the hydrogen molecule. A large amount of consistent 
evidence suggests that the electrons of complex atoms are arranged in shells 
or rings corresponding to different quantum numbers, but the method of 
arrangement has not yet been brought within the scope of mathematical 
treatment. 

Questions of electrical conductivity and of the optical and dispersive pro- 
perties of substances are clearly subjects for treatment by the new dynamics, 
but only meagre progress has so far been made. The same applies to the 
problem of the nature of radiation. There is at present a divergence of 
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opinion as to whether radiation is propageiees in accordance with Maxwell’s 
equations or in the form of “atomic” packets of energy which travel through 
space without spreading out in the manner demanded by the classical electro- 
magnetic theory. 


The Correspondence Principle of Bohr. 


724. In conclusion we may refer to a procedure which holds out some 
hope of bridging the gulf between the classical electrodynamics and the new 
electrodynamics of quanta. 


When an electron describes a circular orbit about a nucleus, the number 
of revolutions per second in this orbit, n, is equal to 6/2, whence, from 
equations (786) and (790), 

_ 40? Hm 
ee Sethe 

The period of an elliptic orbit is known to be the same as that of a 
circular orbit of the same energy, so that the same equation will give the 
frequency of revolution in an elliptic orbit of total quantum number rt. 


The frequencies of the radiation which can be emitted on the electron 
dropping from this orbit to one of lower quantum number 7’ are, from 
equation (792), 


Qe? H2m (1 1 
a) 


vai ae 
If the integers 7 and 7’ are both large, and differ only by a small number s, 


which must of course also be integral, the approximate value of (=-3) 


72 7 
will be 
Dero lie 0/1) _ 2s 
sie eel 
and equations (805) and (806) now shew that the possible frequencies of 
radiation are given by 


If the motion of the electron, describing its orbit with frequency n, had 
been analysed by Fourier’s theorem, and the resulting radiation calculated by 
the classical electrodynamics, we should have found radiations of frequencies 


N, 2Nn, 3M, .. 


so that according to the classical electrodynamics also, the frequencies of the 
emitted radiation would be given by equation (807). 


It accordingly appears that in the limiting case in which 7 and 7’ are both 
large, the old classical electrodynamics and the new quantum dynamics agree 
in predicting the same frequencies for the spectrum of emitted radiation. In 
this limiting case, the radius of the electron orbit is infinite, successive radii 
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only differ by an infinitesimal fraction of each, and orbits of all eccentricities 
are possible. Thus the electron is just on the verge of becoming a free 
electron. This limiting case provides a bridge between the old mechanics 
and the new; on one side of the bridge the classical electrodynamics holds 
undisputed sway, but as we cross the bridge and advance into the territory 
on the other side, the additional restrictions imposed by the quantum 
dynamics become ever more important until finally they may be considered 
to govern the whole situation. The exploration of the territory on the far 
side of the bridge will provide work for a new generation of mathematical 
physicists; the present work attempts only to bring the reader as far as the 
bridge, and to make clear to him that if he crosses it he must expect to 
find different conditions prevailing on the other side. 


INDEX 


The numbers refer to the pages. 


[pp. 1—299, Electrostatic Problems. pp. 300—end, Current and Magnetic. | 


Aberration, 593, 609 
Abraham, 525, 584, 589 
Absorption of light, 545, 554, 555 
55 bands, 554 
Accelerated electron, 577, 592 
Action at a distance, 140 
»» mechanical, see 
Mechanical force 
», principle of least, 488, 517, 579 
Adams, E. P., 515 
Alternating currents, 456, 465, 477, 501,528 
Amber, electrification of, 1 
Ampere, 3, 507 
ss (unit of current), 305, 530, 531 
Ampeére’s law (field of a current), 439, 514 
Angle of conductor, lines of force near, 61 
Anion, 308 
Anisotropic media, 134, 152, 535 
Anode, 308 
Argand diagram, 262 
Argument of a complex quantity, 262 
Arons, 362 
Atom, structure of, 22, 630, 634; see also Molecule 
Atomic heat, 556 
nature of electricity, 21, 309, 631, 633 
», numbers, 630 
Attracted-disc electrometer, 105 


Mechanical action, 


3? 


Ballistic galvanometer, 437 

Balmer’s Series, 636 

Barnes, E. W., 199 

Batteries, work done by, 104, 506 

Biaxal harmonics, 241 

Bohr, 634 ff., 644 

Boscovitch, 141 

Bound-charge, 126, 361, 552 

Boundary-conditions, in dielectrics (electro- 
static), 121, 178 

conductors, 346 

magnetic media, 413 

propagation of light, 
539 

Boussinesq, 505 

Bowl, electrified spherical, 250 

Brace, 595 

Bridge, Wheatstone’s, 315, 316 

Bucherer, 20, 590 


Cable, submarine, 79, 319, 332, 351, 505 
Capacity, coefficients of, 93, 96, 97 
5 inductive, see Inductive capacity 
op of a conductor, 67, 94 
oe >, ® condenser, 115 
a », a circular disc, 249 
= », a0 ellipsoid, 248 
e. », an elliptic dise, 249 
a5 », a Leyden Jar, 77, 277 “ 
3 », @ parallel plate condenser, 77, 274 
os », @ Spherical bowl, 250 
50 5 *3 condenser, 71 
AN >» @ Spheroid, 248 
5A »» & Submarine cable, 351, 504 
sa », a telegraph wire, 195, 505 
Cascade, condensers in, 76 
Cathode, 308 
Cation, 308 a 
Cavendish, 13, 37, 74, 115, 250 
Cavendish’s proof of law of force, 13, 37 
Chapman, S., 403 
Charge, electric, see Electric charge and Hlec- 
trification 
Charge, moving electric, magnetic field of, 513 
Chree, 402 
Circular current, 431 
Ae cylinders, 73, 267 
a disc, 249 
45 ring, 225 
Coefficients of Potential, Capacity and Induc- 
tion (electrostatics), 93, 96, 97 
of self and mutual induction (cir- 
cuits), 443 
Collinear charges, 57 
Complex quantities, 262 
Condenser, 71-78, 99; see also Capacity 
discharge of a, 88, 331, 361, 458, 
498 
Conditions at boundary,see Boundary-conditions 
Conduction in solids, 300, 306, 557, 643 
»» liquids, 307 
», gases, 311 
3 see also Klectron 
Conductors and insulators, 5 
systems of, 88 
3 see also Capacity 
Confocal coordinates, 244, 257 


» 


a9 


29 


” 


648 


Conformal representation, 264, 280 
Conjugate functions, 261-279, 286 
“3 conductors, 328 
Contact difference of potential, 303 
5, conductors in, 101, 303, 347 
Continuity, equation of, 344, 476, 559 
Contracted coordinates, 583 
Contractile electron, 589, 595 
Contraction hypothesis (Lorentz-Fitzgerald), 
594, 597, 606 
Correspondence principle, 644 
Coulomb’s torsion balance, 11, 365 
oF law (R=4ro), 46, 121 
os (unit of charge), 530 
Crystalline media, 134, 152, 535 
Current-sheets, 480 
Currents of electricity, 22, 300, 306 
», in linear conductors, 300, 452, 496, 
499, 502 
AS », continuous media, 341, 473, 502, 
526, 544, 555, 557 
+ », dielectrics, 358, 510, 550 
5 induction of, 452, 473, 496, 562 
z= magnetic field of, 425, 438, 513, 514, 
573 
Ss measurement of, 305, 314 
slowly-varying, 331 
Gacyiinear coordinates, 242 
Cylindrical conductors and condensers, 67, 73, 
187, 195, 257-279 


D’Arsonval galvanometer, 436 
Debye’s theory of specific heats, 556 
Declination, magnetic, 401 
Deformable electron, 589, 596, 611 
Diamagnetism, 410, 505 
Dielectrics, 74, 115 

% boundary of, 121, 178 

“t currents in, 358, 510, 550 


AE images in, 200 

es inductive capacity of, 74, 115, 532 
Ae molecular action in, 126, 551 

5 stresses and mechanical action in, 


172-181, 201, 579, 619 
time ‘of relaxation of, 359 

Dip, ents) 401 
Disc, circular or elliptic, 248, 249 
Discharge of condenser, 88, 331, 361, 458, 498 
Dispersion of light, 532, 553, 643 
Displacement (electrostatic), 117, 158, 552 

ns -currents, 155, 510, 514, 528 

7 -theory of Maxwell, 153, 510, 514 
Dolazalek electrometer, 110 
Doppler-effect, 609 
Doublet, electric, 50, 168, 193, 215, 232, 551 
Drude’s theory of conduction, 557 
Dynamical theory of currents, 485 


Index 


Dynamo, action of, 458, 465 


Earnshaw’s~-theorem, 167 
Eddington, 623, 624 
Eichenwald, 605 
Einstein, 597, 598, 599, 600, 602, 621 
Electric charges, force between, 11, 12, 13, 37. 
4 io equilibrium of, 23, 167 
» currents, see Currents 
» intensity, 24, 31, 117, 121, 571, 575 
» potential, 26, 31, 121, 569, 570, 575 
screening, 62, 97, 548 
Electricity, measurement of quantity of, 8, 77, 
109, 437 
y positive and negative, 8 
an theories of,.19, 20 
Electrification, 5 


5 at surfaces and boundaries, 18, 
21, 45, 61, 194, 347 

55 by friction, 1, 9 

s by induction, 16, 125, 186 

7 line of zero, 88, 194 


Electrokinetic momentum, 498 
Electrolytic conduction, 307 
Electromagnetic field, general equations of, 568, 


602 
- 4, ~Weyl’s theory of the, 623 
a mass, 585, 596, 611, 613 
“ momentum, 583, 615, 617, 620 
3 theory of light, 3, 526, 532 ff. 
a6 units, 427, 528 


waves, 524, 525 
Wevteronieters: 105, 107 
Electromotive force, 303, 453 
Electron, charge and mass of, 20, 590 


“ft internal mechanics of, 590 

a3 motion of, in conduction, 306, 307, 
320, 343, 496, 549, 557, 
562, 563 


- ss », in free space, 559 ff. 
+3 size of, 586, 590, 612 
ris structure of, 589, 590, 596 _ 
», theory of conduction, 306, 549,555,557 
»  », dispersion, 553, 554 
Hldateophoris, Ly 
Electropositive, electronegative, 10 
Electroscope, gold-leaf, 7, 17 
Electrostriction, 181 
Ellipsoidal analysis, 230, 244, 251 
%) conductors, 246, 253 
ay harmonics, 251 
Elliptic cylinders, 270 
», disc, 248 
Energy, conservation of, 28, 32 
», flow of, 519, 617 
»» localisation of, 151, 399, 415, 443, 494, 
516, 576, 617, 620 


Index 


Energy, mass of, 613 
» . momentum of, 615 
»» of conductors and condensers, 83, 106 
i) »» light-waves, 537, 617 
2 95 Magnetic field, 396, 899, 415, 507 
33 », magnetised bodies, 377, 380, 381 
», Systems of currents, 443 
Equilibrium, points of, 59, 167 
Equipotential surfaces, 29, 47-62, 370 
Equivalent stratum (Green's), 182, 361, 375 
Ewing, 422 
Expansions in harmonics, 211 
ap », Legendre’s coefficients, 223 
aS >» Sines and cosines, 259 


Farad (unit of capacity), 77, 530 
Faraday, 3, 74, 115, 116, 126, 140, 155, 308, 
402, 514, 618 
Finite current sheets, 481 
Fitzgerald, 594 
Fizeau’s water-tube experiment, 593, 607 
Flame, conducting power of, 6, 125 
Flux of energy, 519, 617 
Force, lines of, 25, 29, 43, 47-58, 62, 370 
magnetic, 381 
mechanical, see Mechanical force 
>, tubes of, 44, 47-58, 117, 371 
Fourier’s theorem, 259 
Franklin, 19 
Fresnel, 536 


> 


a3 


Galvanometer, 433 
Gases, conduction in, 511 
inductive capacity of, 132, 532 
», velocity of light in, 533 
Gauss’ theorem, 33, 118, 161, 162, 370, 386 
Generalised coordinates, 489 
forces, 493 
momenta, 493 
of relativity, 598, 621 
Generation of electricity, 9 
, heat, 320, 348 
Gravielicn, 620, 621, 629 
Green, analytical theorem of, 156 
equivalent stratum of, 182, 361, 375 
,, reciprocation theorem of, 92, 163 


Guard-ring, 78, 106 


2) 


33 


bby 


29 


Hagen and Rubens, 548 

Hall effect, 563 

Hamilton’s principle, 487 

Harmonic potential, 224 

Harmonics, biaxal, 241 

ellipsoidal, 251 

spherical, 206-223, 233-242, 243 
tesseral, 237 

zonal, 233 


22 
99 
22 
29 


649 


Harmonics, tables of — 
harmonies of integral degrees, 258 * 
Legendre’s coefficients, 219 ~ 
tesseral harmonics, 240 
Heat, generation of, 320, 348 
Heaviside, 505 
Helmholtz, stresses in dielectrics, 177 
Hertzian vibrator, 578 
Holtz influence machine, 18 ; 
Hurmuzescu, 525 
Hydrogen atom, 631, 632, 636, 641 
Hyperbolic cylinders, 267, 270 
Hysteresis, magnetic, 412 


Images in electrostatics, 185-201, 258, 281, 286 
Impulsive forces, 493 
Induction, coefficients of (electrostatics), 93, 96, 
Oa 
», (circuits), 443 
pleciiateton by, 16, 125, 186 
magnetic, 384 
ry of currents, 452, 562 
Inductive capacity of dielectric, 74, 115, 134, 
532 
», crystals, 135 
>, gases, 132, 533 
5, liquids, 75, 360 
in terms of molecular struc- 
ture, 130, 134, 553 
Infinite conductors, resistance in, 350 
Infinity, field at, 56 
Insulators and conductors, 5, 545 
Intensity (electric), 24, 32, 33, 117, 121, 571, 
575 
. of magnetisation, 368 
Intersecting planes, 188, 206 
at spheres, 206 
Inverse square, law of, 13, 31, 37, 168, 365 
Inversion, 202, 258, 286 
Ion, 308 
5, velocity of, 310 
Ionisation, 311 


Jamin, 544 
Joule effect in conductors, 320 


Kamerlingh Onnes, 558 

Kaufmann, 590 

Kelvin (Lord), 193, 199, 249, 250, 335, 365, 
469 

Ketteler-Helmholtz formula, 553 

Kirchhoff, 198, 287 

’s Laws, 311 


> 
f solution of wave-equation, 522 


” 


Lagrange’s equations, 489, 492, 493 
Lamé’s functions, 252 


650 


Laplace’s equation, 40, 42, 120, 243, 245 

: solution in spherical har- 
monies, 206 

solution in ellipsoidal har- 
monics, 251 

solution in spheroidal har- 
monies, 206 

Larmor, 553, 565, 577 

Law of force, 13, 31, 37, 168, 365 
+ ,, between current elements, 441 

Least action, 488, 517, 579 

Lebedew, 538 

Legendre’s coefficients, 217, 225, 231 

Lenz’s law of induction of currents, 453 

Leyden jar, 77, 277 

Lienard, 575 

Light, electromagnetic theory of, 3, 526, 532 
» velocity of, 526, 532 
», dispersion of, 532, 553, 643 

Lightning conductor, 61, 479 

Lindemann, 556 


99 ” 


29 9? 


9 29 


Lines of force (electrostatic), 25, 29, 43, 47, 62 


49 99 99 (magnetic), 370 

3° 3” flow, 341 

+» 9 induction, 386 
Liouville, solution of wave-equation, 521 
Lorentz (H. A.), 553, 575, 589, 592, 594, 600, 602 
Lorenz (L.), 553 


Maclaurin, 553 
Maclean, 525 
Magnetic field, 369 
produced by currents, 425 
energy of, 396, 415, 494, 507 
An », Ofmoving electrons,514,561,573 
», matter, Poisson’s imaginary, 375 
Pe particle, 366 
potential of, 372 
potential energy of, 377 
resolution of, 372 
43 vector-potential of, 393 
. ere 376, 426 
potential of, 376 

9 », potential energy of, 380 

», vector-potential of, 395 
Magnotised body, 367 
potential of, 372 
potential energy of, 381 
measurement of force inside 
a, 381 

Magnetism, physical facts of, 364, 408, 425 

so terrestrial, 400 

3 theories of, 3, 418, 508 
Magnetostriction, 417 
Magri, 553 
Majorana, 608 
Mass, electromagnetic, 585, 611, 613 


9 ” 


” bed 


99 9 


a? +B 
bed ”» 


” 9 


Index 


Matter, structure of, 20, 130, 134; see also 
Electron and Molecule 
», imaginary magnetic, 375 
Maxwell, 2, 3 et passim 
displacement theory, 153, 510 
theory of induced magnetism, 421 
oe theory of light, 3, 526, 532 
Measurements : 
charge of electricity, 8, 77, 109, 437 
current of electricity, 314, 433 
inductive capacity, 74, 360 
potential difference, 106, 107 
resistance, 314 
Mechanical action in the ether, 3, 140, 579, 618 
, dielectrics, 172 
as 4» 9») Magnetic media, 415 
sp force on a circuit, 439, 505 
Bd +>», conductor, 102 
», dielectric, 124, 172 
», moving electron, 561 ff., 
579, 581, 611 
rie », surface, 79, 178 
Medium Peaween conductors, 140, 151 
Metallic media, reflection and refraction of 
light in, 546, 555 
is an absorption in, 545 
Michelson, 526 ~~~ 
Fr and Morley, 593, 618, 620 
Millikan, 20 
Mirror galvanometer, 437 
Molecular theory of dielectric action, 126, 133, 


29 


0 ” 


do 99 


39 ted 


361 
Sues % «= 93 ~*Magnetism, 3, 366, 409, 
418, 421, 508 


» >, light propagation, 551 
Molecule and Atom, structure of, 133, 168, 232, 
550, 567, 630, 643 
»,  Yadiation of light from, 577, 632 
Moment of a magnet, 366 
Momentum, electrokinetic, 498 
Fe electromagnetic, 583, 615, 617, 620 
i generalised, 493 
Mossotti’s theory of dielectric action, 127, 168 
Moving charge, field of a, 513, 573 
es * force on a, 560 
Multiple-valued potentials, 279, 429 
Muraoka, 362 


Nernst and Lindemann, 556 
Network of conductors, steady currents in, 311, 
316, 322 
es 5 oscillations in, 499 
Neumann’s law of current induction, 453 
Nichols and Hull, 538 
Nicholson, 556 


Oersted, 425 


Index 


Ohm (unit of resistance), 305, 530 

Ohm’s law, 301, 307, 309, 343 

Oscillations in a network of conductors, 499 
Oscillatory discharge of a condenser, 460 


Parabolic cylinders, 267, 269 
Parallel plate condenser, 77, 115, 272, 274 
Paramagnetism, 410, 413 
Particle, magnetic, 366, 372, 377, 393 
Pender, 515 
Permeability, magnetic, 410 
Perot and Fabry, 525 
Perrotin, 526 
Physical dimensions of electric quantities, 14, 
531 
Picard, 505 
Planck, 634, 636 
Plane conductors and condensers, 69, 185, 194, 
272 
»» current sheets, 480, 482 
», semi-infinite (electrified), 266, 273, 282 
» waves of light, 534 
Poincaré, 505, 591 
Poisson’s equation, 40, 121 
», ° imaginary magnetic matter, 375, 418 
theory of induced magnetism, 127, 
418 
Polarisation (electrostatic), 117, 118, 126, 155, 
232, 536 
8 of light, 535, 543, 565 
Polarising angle of light, 543 
Polarity of molecules, 126 
Potential (electrostatic), 26, 31, 121, 345 
maxima and minima, 
43, 167 
(electric), 570, 625 
(magnetic), 370, 413, 429 
(vector), 393, 625 
55 coefficients of, 93, 96, 97 
Poynting’s theorem, 518 
Practical units, 530 
Pressure of radiation, 538, 615 
Principal coordinates, 550 
Pulse of electric action, 578 


29 


9 39 


” 
” 


2? 


Quadrant electrometer, 107 

Quadric, stress-, 147 

Quantity of electricity, 7, 8, 77, 109, 437 
Quantum theory, 558 

Quincke, 181, 416, 417 


Radiant Energy, mass of, 613, 614, 616 
: momentum of, 615, 616 
" 3 nature of, 644 
Radiation of Energy, 577, 592, 617 
pressure of, 538, 615 
from electrons, 576, 592 


0 ” 


” 


” 


651 


Radius of atom, 642, 643 
i », Molecule, 132, 643 

Rapidly alternating currents, 477, 501 
Rayleigh (Lord), 358, 595 
Recalescence, 412 
Reciprocation theorem of Green, 92, 163 
Reflection of light, 540, 541, 542, 546, 548 - 

A coefficients of metals, 548 
Refraction of light, 539, 541, 543 

3 », lines of force, 123 

” ” 29 ” flow, 346 
Refractive index, 532, 553 
Relativity, theory of, 593 ff. 
Relaxation, time of (for a dielectric), 359 
Residual discharge, 361 
Resistance of a conductor, 301, 314, 355, 557 
measurement of, 314 
specific, 342 

5 -box, 314 
Resolution of a magnetic particle, 372 
Retentiveness (magnetic), 412, 422 
Riemann, 527 

», 8 surface, 280 
Roéntgen, 514 

>» rays, 311, 578 
Rosa and Dorsey, 525 
Rowland, 514, 515 

x and Nichols, 361 
Russell, A,, 199 
Rutherford, 630 


2 


99 


Saturation (magnetic), 411 
Saunders, 525 
Schott, 575 
Schuster, 403, 555 
Schwarz’s transformation, 271 
Screening, electric, 62, 97, 548 
Searle, 584 
Self-induction, 456 
Sellmeyer’s dispersion formula, 553 
Shell, magnetic, see Magnetic shell 
Signals, transmission of, 332, 502 
Sine-galvanometer, 435 
Soap-bubble, electrification of, 81 
Solenoid, magnetic, 432 
Solenoidal vector, 158 
Sommerfeld, 283 
Specific heats, 556 
Specific inductive capacity, 
capacity 
Spherical conductors and condensers, 66, 71, 
99, 100, 189, 192, 196, 226, 228, 
231, 264 
bowl, 250 
harmonics (theory), 206, 233, 243 
ee = (applications), 224, 401 
Spheroidal conductor, 248 


see Inductive 


99 
92 


652 


Spheroidal harmonics, 254, 257 
Stark effect, 642 
Stewart, Balfour, 402 
Stokes, 578 
Stokes’ theorem, 388 
Stresses, general theory of, 142 
Py. electrostatic, 146, 169 
% in dielectrics, 175 
Fs »» electromagnetic field, 582, 618, 
619 
- - magnetic media, 415 
Submarine cable, 79, 319, 332, 351, 505 
Superposition of fields, 90, 191 
Surface-electrification in conductors, 18, 21, 37, 
45, 61, 121, 194 
“e < ,, dielectrics, 125 
», harmonics, 208 
Susceptibility, magnetic, 410 


Tangent galvanometer, 434 

Telegraph wire, capacity of, 195 

transmission of signals along, 
317, 332, 502 

Telegraphic equation, 504 

Terrestrial magnetism, 400 

Tesseral harmonics, 237 

Thomson, J. J., 286 

Time of relaxation, 359 

Torsion balance, 11, 365 

Transformer, theory of, 465 

Trouton and Rankine, 595 

Trowbridge and Duane, 525 

Tubes of force (electrostatic), 44, 46, 47, 117 


” 9 


Index 


Tubes of force (magnetic), 371 . 
» 99 flow, 341 
9 9) induction, 386 


Unicursal curves, 269 

Uniformly magnetised body, 373 

Uniqueness of solution, 89, 163 

Units, 14, 77, 305, 365, 427, 522, 528 
» ratio of electrical, 525, 528, 530 


Vector-potential, 393, 438, 474, 625 

Velocity of electromagnetic waves, 505, 524, 525 
5 », light, 526, 532 

Volt (unit of potential), 305, 530 

Volta’s law, 303 

Voltaic cell, 302 

Voltmeter, 314 


Water-tube experiment, 593, 607 

Wave-propagation, equation of, 520, 525, 534, 
571 

in dielectrics, 524 

», metals, 527, 545 
fe 4 », crystalline media, 536 
a af velocity of, 524, 525 

Weber’s theory of magnetism, 3, 418, 508 

Weyl, 623 ay 

Wheatstone’s bridge, 315, 316 

Wiechert, 575 

Wilson, H. A., 605 


99 ™9)9 


Zeeman effect, 564, 641 
Zonal harmonics, 233 


CAMBRIDGE : PRINTED BY W. LEWIS. M.A., AT THE UNIVERSITY PRESS 


rE ERISON COLLEGE OF IDAHO 


“NE Hi hy ii we il 


DATE DUE 


+ 
er 
Aa 
os 
7 


4 


es 


' ? 
» pa) Me 


eRe. 
ea 


